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Abstract
This thesis considers the use of medium-voltage power electronic compensation at distribution net-
work voltage levels (11kV) for the improvement of power quality, reliability, and to accommodate
growth in customer demand or distributed generation capacity. Speciﬁcally, power electronic com-
pensators connecting two or more nodes of previously isolated radial feeders are considered. This
type of device can be considered as an alternative to normally-open points, which connect two
nodes with mechanical switchgear. Rather than connecting these nodes directly, power-electronics
are placed between them. This type of device will be deemed a soft-open point (SOP) in this thesis.
Several compensator topologies which can achieve the functionality of a SOP are considered.
The feature criteria used to choose which compensators are suitable for use as a SOP are: the
ability to transfer active power between feeders; the ability to resupply (post-fault) adjacent feed-
ers connected via the compensator; an inherent or controlled disturbance rejection or fault current
limiting between adjacent feeders. Modiﬁed versions of some existing ﬂexible AC transmission
system (FACTS) or custom power devices oﬀer the potential to meet these criteria. The com-
pensator topologies considered include: static synchronous series compensators, uniﬁed power ﬂow
controllers, back-to-back connected voltage-sourced converters (VSCs) or multi-terminal connected
VSCs.
In order to quantify and compare the beneﬁts of these compensator topologies, their relative
performance on UK distribution networks is assessed based on load ﬂow and optimal power ﬂow
case studies performed on datasets representing several hundred UK distribution networks. Ben-
eﬁts quantiﬁed include an increase in customer reliability ratings, prevention or deferral of asset
replacement, reduction in conductor losses, accommodation of increased distributed generation,
and accommodation of increased customer demand.
The beneﬁt analyses show that multi-terminal VSC based SOPs provide the greatest ﬂexibility,
but one must recognize that associated cost and right-of-way issues associated with distribution
networks can be prohibitive. Series and series-shunt compensators are shown to oﬀer an an adequate
amount of control, achieving reasonable levels of load and generation growth with lower overall
estimates for cost.
Several control strategies and converter topologies are considered for use in SOP implementation
under a number of scenarios. The use of multi-terminal VSCs is also veriﬁed through implemen-
tation in a prototype network and through time-domain simulations. These demonstrations serve
as a proof of concept for SOP operation in scenarios relevant to their intended use in distribution
networks.
Also considered is the use of SOPs to directly compensate overload substation transformers,
for which it is found that SOPs can very eﬀectively mitigate overload events at the expense of
increased cumulative losses. Diﬀerent high-level control schemes are shown to reduce the impact
of the additional converter losses.
2
Copyright Declaration
The copyright of this thesis rests with the author and is made available under a Creative Commons
Attribution Non-Commercial No Derivatives licence. Researchers are free to copy, distribute or
transmit the thesis on the condition that they attribute it, that they do not use it for commercial
purposes and that they do not alter, transform or build upon it. For any reuse or redistribution,
researchers must make clear to others the licence terms of this work.
3
Declaration of Originality
This document consists of research work conducted in the Department of Electrical Engineering at
Imperial College London between 2008 and 2012. I, Jeﬀrey M. Bloemink, declare that the work
presented is my own except where mentioned otherwise.
4
Dedication
Dedicated to the memory of my father, Michael Bloemink. This work would certainly not exist
without all the support and advice he provided to me over the years, as well as his sparking of my
interest in this ﬁeld from the beginning.
5
Acknowledgements
I would ﬁrst like to thank my thesis supervisor, Professor Timothy C. Green, for his guidance,
patience, ﬂexibility, and ﬁnancial support during my time at Imperial. The knowledge gained from
him facilitating me in pursuing a variety of projects and mentoring roles alongside this work will
be extremely valuable for my future.
To the current and past denizens of the Smart Energy Laboratory where I spent most of my
time; especially Phil, Richard, Dan, Cees, Nathaniel, Tom, Michael, Mark and Alwyn: it was a
great pleasure working closely with you over the years. Many discussions that directly contributed
to this work were had. A great amount of appreciation goes to Caitríona (and a reluctant Phil) for
continuing to maintain and develop the photovoltaic apparatus after my departure. To all other
colleagues in the Control and Power Research group at Imperial who oﬀered me help and advice,
I thank you for your time.
To my family and friends back in Canada, with great emphasis on my Mom and siblings: I am
sincerely grateful for you all making me feel at home when I returned for visits. It was a great
feeling to be able to come home and pick up right where we left oﬀ.
Finally, to my partner, Janinah: you were by my side for most of this undertaking and were
always there to listen and provide me with some much needed perspective. It is without a doubt
that you contributed a great deal to my achievement in many ways that you are not aware of.
Together we made many great memories in London, and I look forward to making many more in
Canada.
6
Contents
1. Introduction 12
1.1. Motivation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 14
1.2. Overview of Thesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
2. Background and Literature Survey 16
2.1. Power Electronics in Distribution Networks . . . . . . . . . . . . . . . . . . . . . . 16
2.1.1. Types of Power Electronic Compensators . . . . . . . . . . . . . . . . . . . 16
2.1.2. Voltage Sourced Converter Topologies . . . . . . . . . . . . . . . . . . . . . 24
2.1.3. Existing Installations and Devices . . . . . . . . . . . . . . . . . . . . . . . 26
2.1.4. DC Versus AC Interconnection . . . . . . . . . . . . . . . . . . . . . . . . . 29
2.1.5. Compensator Placement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 30
2.2. Limitations to Network Growth . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.1. Distributed Generation Limitations . . . . . . . . . . . . . . . . . . . . . . . 31
2.2.2. Customer Demand Increase Limitations . . . . . . . . . . . . . . . . . . . . 32
2.2.3. Network Operation Assumptions . . . . . . . . . . . . . . . . . . . . . . . . 32
2.2.4. Alternative Solutions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33
2.3. Optimization and Load Flow Techniques . . . . . . . . . . . . . . . . . . . . . . . . 34
2.3.1. Non-Linear Programming . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.3.2. Load Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.3. Optimal Power Flow . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 36
2.3.4. Genetic Algorithms . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
2.4. Similar Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 38
3. Software Tools, Modeling and Methodology 39
3.1. Network Modeling and Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 40
3.1.1. Distribution Networks Under Study . . . . . . . . . . . . . . . . . . . . . . 40
3.1.2. Network Modeling . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
3.1.3. Network Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 48
3.1.4. Substation Transformers . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2. Load Modeling and Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 52
3.2.1. Customer Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 53
3.3. Device Modeling, Types and Placement . . . . . . . . . . . . . . . . . . . . . . . . 56
3.3.1. Incorporation into Network Model . . . . . . . . . . . . . . . . . . . . . . . 56
3.3.2. Representation of Energy Storage . . . . . . . . . . . . . . . . . . . . . . . . 59
3.3.3. Device Placement and Ratings . . . . . . . . . . . . . . . . . . . . . . . . . 60
3.3.4. Deployment Schemes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 64
7
3.4. Generator Modeling, Types and Placement . . . . . . . . . . . . . . . . . . . . . . 65
3.4.1. Generation Types . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 65
3.4.2. Variation of DG Capacity with Loading Condition . . . . . . . . . . . . . . 69
3.4.3. Distributed Generation Growth and Placement Schemes . . . . . . . . . . . 69
3.5. Load Flow Algorithm and Optimal Power Flow . . . . . . . . . . . . . . . . . . . . 72
3.5.1. Proposed Load Flow Algorithm . . . . . . . . . . . . . . . . . . . . . . . . . 72
3.5.2. Optimization Problem Formulation . . . . . . . . . . . . . . . . . . . . . . . 77
3.5.3. OPF with the Proposed Load-Flow Algorithm . . . . . . . . . . . . . . . . . 79
3.5.3.1. Comparison with Conventional Optimal Power Flow Methods . . . 80
3.5.3.2. Accelerating the Proposed OPF Strategy . . . . . . . . . . . . . . 84
3.6. Testing Procedures . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 85
3.6.1. Demand and Generation Increase Testing . . . . . . . . . . . . . . . . . . . 85
3.6.2. Network Operation Assumptions and OLTC Operation . . . . . . . . . . . . 86
3.7. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 88
4. Beneﬁts to Distribution Networks 89
4.1. Interpretation of Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 89
4.1.1. Probability Distribution of Results . . . . . . . . . . . . . . . . . . . . . . . 90
4.2. Distributed Generation Accommodation . . . . . . . . . . . . . . . . . . . . . . . . 90
4.2.1. Variation of Results with Network Type . . . . . . . . . . . . . . . . . . . . 92
4.2.2. Uniform Deployment of Active Compensation . . . . . . . . . . . . . . . . . 94
4.2.3. Feeder Upgrades with Generation Growth . . . . . . . . . . . . . . . . . . . 95
4.2.4. Incremental Deployment of Active Compensation . . . . . . . . . . . . . . . 100
4.2.5. Eﬀects of Compensator Placement . . . . . . . . . . . . . . . . . . . . . . . 102
4.2.6. Generation Curtailment . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 103
4.3. Increased Customer Demand . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 106
4.3.1. Uniform Deployment of Active Compensation . . . . . . . . . . . . . . . . . 107
4.3.2. Variation with Network Type . . . . . . . . . . . . . . . . . . . . . . . . . . 109
4.3.3. Feeder Upgrades with Load Growth . . . . . . . . . . . . . . . . . . . . . . 109
4.3.4. Substation Transformer Upgrades with Load Growth . . . . . . . . . . . . . 111
4.4. Network Loss Reduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 112
4.5. Tap Change Coordination and Reduction . . . . . . . . . . . . . . . . . . . . . . . 117
4.5.1. Operation with Changing Loading Conditions . . . . . . . . . . . . . . . . . 122
4.5.2. Operation With Changing Generation . . . . . . . . . . . . . . . . . . . . . 122
4.5.3. Variation with Network Type . . . . . . . . . . . . . . . . . . . . . . . . . . 125
4.6. Reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 126
4.6.1. Comparison of NOPs with SOPs . . . . . . . . . . . . . . . . . . . . . . . . 128
4.6.2. Eﬀect of Compensator Placement . . . . . . . . . . . . . . . . . . . . . . . . 130
4.6.3. Variation with Network Type . . . . . . . . . . . . . . . . . . . . . . . . . . 132
4.7. Mitigating Distributed Generation Intermittency . . . . . . . . . . . . . . . . . . . 132
4.7.1. Quantifying Levels of Storage . . . . . . . . . . . . . . . . . . . . . . . . . . 134
4.7.2. Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 139
4.7.2.1. Feeder Balancing . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
4.7.2.2. Voltage Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . 140
8
4.7.2.3. Control Algorithm Comparison . . . . . . . . . . . . . . . . . . . . 140
4.8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 144
5. Design and Control Considerations 147
5.1. Control Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.1.1. Power Flow Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 147
5.1.2. Synchronization . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 150
5.1.3. Modulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 152
5.2. Operational Comparison of Converter Topologies . . . . . . . . . . . . . . . . . . . 154
5.2.1. Voltage Waveform Distortion . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.2.2. Cell Balancing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 155
5.2.3. Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 161
5.3. Comparison of Network Types by Simulation . . . . . . . . . . . . . . . . . . . . . 161
5.3.1. Balancing of Feeder Loading . . . . . . . . . . . . . . . . . . . . . . . . . . 162
5.3.2. DC-Link Regulation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 162
5.3.3. Fault Levels . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.4. Experimental Implementation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 165
5.4.1. Equipment Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 167
5.4.2. Phase Balancing . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.4.3. Distributed Generation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 168
5.4.4. Balanced Faults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 170
5.5. Filter Design . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 173
5.5.1. Component Selection and Size Estimation . . . . . . . . . . . . . . . . . . . 175
5.5.2. Design Constraints . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 177
5.5.3. Optimization Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 178
5.5.4. Sensitivity Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 179
5.5.5. Modeling and Control . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 180
5.5.6. Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
5.6. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 183
6. Substation Transformer Compensation 186
6.1. System Overview . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 186
6.2. Interconnection of SOP Terminals . . . . . . . . . . . . . . . . . . . . . . . . . . . . 188
6.2.1. AC Link Between Substations . . . . . . . . . . . . . . . . . . . . . . . . . . 188
6.2.2. DC Link Between Substations . . . . . . . . . . . . . . . . . . . . . . . . . . 190
6.3. Load Balancing Controller . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 191
6.3.1. Simulation Results . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 192
6.4. Eﬀect on Substation Losses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 197
6.4.1. Losses versus Loading Types . . . . . . . . . . . . . . . . . . . . . . . . . . 201
6.4.2. Deadband Operation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 201
6.4.3. Power Factor Correction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 203
6.5. Uptime . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 204
6.6. Transformer Output . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 205
6.6.1. Overload Incidents . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 206
9
6.7. Fault Scenarios . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
6.7.1. AC-Side Faults . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 207
6.7.2. Pre-planned Islanding . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 213
6.7.3. Tap Changer Interaction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 214
6.8. Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 215
7. Conclusions and Future Work 217
7.1. Key Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 219
7.2. Future Work . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 220
7.2.1. Device Design Considerations and Testing . . . . . . . . . . . . . . . . . . . 220
7.2.2. Control Considerations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 221
7.2.3. Software Development and Load Flow . . . . . . . . . . . . . . . . . . . . . 222
7.2.4. Quantiﬁcation of Beneﬁts . . . . . . . . . . . . . . . . . . . . . . . . . . . . 223
A. Supplementary Compensator Beneﬁt Studies 235
A.1. Further DG Penetration Studies . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 235
A.1.1. Uniform Deployment with OLTC Operation . . . . . . . . . . . . . . . . . . 235
A.1.2. Incremental Deployment Alternative Upgrade Paths . . . . . . . . . . . . . 235
A.1.3. Incremental Deployment With Line Upgrade Allowances . . . . . . . . . . . 239
A.1.4. Eﬀects of Compensator Placement . . . . . . . . . . . . . . . . . . . . . . . 239
A.1.5. Existing Switchgear Sites . . . . . . . . . . . . . . . . . . . . . . . . . . . . 244
A.1.6. Points of Failure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
A.1.6.1. Reasons for Failure . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
A.1.6.2. Failure Locations . . . . . . . . . . . . . . . . . . . . . . . . . . . . 250
A.2. Energy Storage Integration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 255
A.2.1. Increasing Distributed Generation Penetration . . . . . . . . . . . . . . . . 255
A.2.2. Increasing Customer Demand Allowances . . . . . . . . . . . . . . . . . . . 259
A.2.3. Reliability . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
A.2.4. Summary . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 260
A.3. Further Results For Mitigation of DG Intermittency . . . . . . . . . . . . . . . . . 260
A.3.1. Additional Network Topologies . . . . . . . . . . . . . . . . . . . . . . . . . 260
A.3.2. Insolation Delay . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 262
10
List of Symbols
σ2 Variance in uniform placement results
∆x Marginal increase in performance metric after compensation, where
x = g, l, u,G, L, T or U
CI Customer interruptions presented as a mean across sample networks
CV Customer violations presented as a mean across sample networks
el Network losses
∆el Change in yearly losses
Es Energy storage level in joules as a function of time
es Energy storage level in joules as in discrete time domain
g, g¯, G Individual and mean feasible DG penetration per network with uniform
deployment and total DG across all networks for incremental
deployment
l, l¯, L Individual and mean feasible customer demand per network with
uniform deployment and total DG across all networks for incremental
deployment
Lb The base loading in the network
M Classiﬁcation metric used for sub-categorizing the results obtained from
real UK network examples
nv, NV Quantity of VSCs used with uniform deployment in each network and
the total with incremental deployment across all networks
N, The sample population used in the presented study and the
Ps Storage device output power in MW as a function of time
ps Storage device output power in MW in discrete time domain
Pk,s Storage output power with multiple elements
SV Rating of converter in MVA
T , T¯ Tap change operations per network with uniform deployment, and
mean tap changer operations across all networks
u, u¯, U Individual and mean feeder upgrades per network with uniform
deployment and total upgrades across all networks with incremental
deployment [kA-km]
ut Transformer upgrades in MW
U, UL, UX, Y,
YS,YL,M,N,O,P
Direct solution matrices, deﬁned in Chapter 3
11
1. Introduction
The importance of reliability of supply is continuing to increase. Loss of supply, ﬂicker, voltage
sags and swells and frequency deviations are becoming more and more unacceptable, not only
to industrial customers but residential ones as well [1]. Since most disturbances occur due to
problems at the distribution level, as opposed to the higher voltage transmission networks [1], the
responsibility for improving reliability falls to distribution network operators (DNOs).
Many distribution systems in use today are arranged in a radial conﬁguration [1] for its inherent
simplicity and low cost. Upon a fault occurrence, it is common practice to isolate the section of
the line containing the fault. For a radial distribution system, this often means that loads down-
stream from the fault experience a loss of supply. One solution that exists is to make networks
reconﬁgurable through the use of normally-open or normally-closed switchgear, thereby provid-
ing alternative supply routes for loads along a feeder that have been isolated from the primary
substation. In using normally-open points (NOPs), the simplicity of a radial system is preserved;
however, as the link is usually operated manually, the loads on the isolated feeder can experience
an extended outage while awaiting remote activation or on-site operation of a mechanical switch.
A normally-closed point (NCP) removes this delay and often allows for increased uniformity of
feeder loading, greater balance amongst node voltages, and a reduction in total network power
losses [2, 3, 4].
The beneﬁts of the NCP come at the expense of a more involved directional protection scheme to
achieve the same levels of reliability; requiring directional overcurrent sensing to correctly determine
fault locations. In addition, the decrease in the short circuit impedance seen by the substation
can substantially increase fault current levels. Many distribution networks presently operate with
normally-open points in place to allow for network reconﬁguration [5], so upgrading to a normally-
closed, or meshed, system would not require signiﬁcant capital expenditure provided the upgraded
protection system can be realized inexpensively.
Devices capable of sourcing active power to the distribution (and ultimately, transmission) net-
work can be considered as distributed generation (DG). This includes renewable sources such as
wind turbines or photovoltaics, and could also include distributed energy resources (DERs) such
as include energy storage devices. In some regions, high penetrations of DG (photovoltaics) are al-
ready present [6, 7]. Adoption of plug-in electrical vehicles (EVs) will cause peak customer demand
to rise, but each vehicle could also be considered as a DER if a vehicle-to-grid scheme is adopted in
which EVs are used as a form of distributed storage that can be dispatched to the grid [8]. This rise
in DG capacity along with increases in peak customer demand are issues that DNOs must handle.
Both forms of network growth lead to an increase in peak currents in feeders and transformers as
well as undesirable voltage excursions [9]. Mitigating this with traditional methods becomes more
diﬃcult as DG capacity and customer demand levels are increased, especially when large changes
in loading and spikes in DG output occur in quick succession on the same feeder.
To avoid the aforementioned issues with DG growth, distribution network operators (DNOs) often
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Figure 1.1.: A simple distribution system with two feeders showing diﬀerent interconnection options
(normally-open point, normally-closed point or soft-open point)
prefer to connect DGs at higher voltages (33kV or 132kV in the UK) to reduce impact on voltages. In
contrast, developers favour connection at lower voltages where associated connection and equipment
costs are lower [10]. In the UK this would be the 11 kV distribution level [11]. Here, the eﬀects
of DG installation on network voltages are signiﬁcant [12]. In the UK, the DNO will generally
be a completely separate entity from the DG developer and therefore the preference of developer
must be accommodated. Operating the network in a meshed conﬁguration allows for increased DG
penetration in comparison with a radial network [13], but comes with the aforementioned issues.
Traditional reinforcement with higher capacity lines and substation transformers or shorter feeders
from substations placed at higher density could resolve these problems as well, but at great expense.
With power electronic technologies currently available, another alternative to network reconﬁg-
uration with switchgear exists: the tying together of feeder lines with a soft open-point (SOP) in a
manner shown in Figure 1.1. This could be achieved with a set of two voltage-sourced converters
(VSCs) arranged in an AC/AC or back-to-back conﬁguration, or with other well known compen-
sator topologies. While the example shown in Figure 1.1 suggests the placement of SOPs at existing
switchgear sites, they can also be placed in varying quantities throughout a given network, with
sites chosen to maximize other ancillary beneﬁts. SOPs can also be used to interconnect diﬀerent
primary substations, rather than the main feeders of a single substation.
The use of SOPs combines the advantages of radial and meshed systems while eﬀectively removing
their disadvantages. The following are the key characteristic features of a soft open point:
• Support to loads isolated due to a fault on a feeder can be provided immediately through
power transfer from another feeder connected via a SOP.
• Voltage at SOP interface terminals can be regulated to a certain level or reactive power set
points can be assigned as required.
• Active power ﬂow between feeder lines can be controlled for improved feeder load balancing
and loss reductions.
• Disturbances and faults on one feeder can be isolated from other feeders connected to it via
SOPs.
• With voltage-sourced converter over current limiting, contributions to fault currents are small
and controllable.
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• Voltages throughout the system can be controlled by changing the real and reactive power
ﬂow through the SOP allowing for the accommodation of network growth.
There are of course issues with SOP implementation, including harmonics being injected into the
distribution network from the switching of the VSC and higher losses (compared to traditional
switchgear) for power transferred through the SOP link. To reduce the injected harmonics, the
designer can make use advanced multi-level converter topologies, properly designed ﬁlters, and
increased switching frequencies. These techniques will be shown in this thesis to bring harmonic
levels associated with large scale soft open-point integration to an acceptable level. Switching and
conduction losses of converters is also likely improve with time, as is the general trend [14].
It is not the intention to present a SOP as a single new type of device, but rather as a class
of devices which meet the deﬁning characteristics listed above. This work is intended to guide
the design of new device types which are suitable for this application by quantifying the techno-
economic beneﬁts of diﬀerent compensator topologies and deployment options. Control strategies
and design considerations relevant to this application are also discussed, with dynamic operation
of SOPs validated using both time-domain simulations and experimental implementation.
The voltage level considered for SOPs is in the range of distribution voltages (11 kV in the UK),
which classiﬁes them as medium voltage power electronics devices. While other considerations must
be made for the use of SOPs for use as a utility network compensation device, the technology re-
quired to implement SOPs is readily available. Medium voltage power electronic systems are found
in industrial motor drives, wind turbine power conversion interfaces, and shipboard power systems;
with many oﬀerings available from various manufactures. Back-to-back VSC-based systems also
exist and are in use for utility applications; speciﬁcally, their use in creating high-voltage direct
current (HVDC) transmission links, though at diﬀerent classes of voltage (>100 kV) and power
(>350 MW in some cases). It should be noted that in the UK, 11 kV is referred to as high voltage
(HV) when speaking of electrical utility infrastructure. As a diﬀerent classiﬁcation exists for power
electronics, 11 kV will be referred to as a medium-, or distribution-, level voltage throughout this
thesis regardless of whether the electrical infrastructure or SOPs themselves are being discussed.
1.1. Motivation
Existing assets, such as transformers and switchgear, are nearing or have surpassed the duration of
use for which they were designed [15] and thus decisions must be made regarding the replacement
of this equipment. Implementation of SOPs oﬀer both an alternative to traditional switchgear
and an avenue to defer the replacement of assets. The primary goal of SOP implementation is to
accommodate network growth and improve power quality (harmonic distortion, reliability, voltage
stability, etc.). To this end, implementation of SOPs can be considered an alternative to potentially
undesirable alternatives, including: traditional network reinforcement, reconﬁguration of networks
with mechanical switchgear, participation of the DG developer in generation curtailment schemes,
participation of customers through demand-side management and load-shedding. These options
for accommodating network growth are not mutually exclusive to SOP implementation. It will be
shown in this thesis that they can be used in conjunction to further improve network operation.
It is understood that the installation of high cost assets into a distribution network, such as
medium voltage power electronics (SOPs), would almost certainly be considered on a case-by-case
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basis in much greater detail. As such, the intention of this work is not to replace these detailed
studies, but to direct distribution network planners towards which implementation options are
suitable for their application by giving a sense of how diﬀerent forms of active compensation perform
and how they interact with existing voltage control schemes. The studies presented are also intended
to guide manufacturers towards the design of devices that would be most useful in the largest
number of scenarios by quantifying beneﬁts for a number of compensator topologies. Quantiﬁcation
of beneﬁts is primarily achieved through a techno-economic analysis of SOP performance in a large
number of scenarios. These studies strive to answer questions such as: which high-level topologies
are suitable for compensation of a particular network, what the rating of such devices should be, and
how many should be implemented to achieve a certain level of beneﬁt. Diﬀerent SOP deployment
schemes are also considered to gauge how SOP implementation can serve a large number of networks
en masse rather than only considering individual cases. These studies allow DNOs responsible for
a large number of distribution networks to better plan the deployment of SOPs.
Other lower level considerations, such as ﬁlter design options, interconnection options, converter
topologies, and low-level control options are described, compared and demonstrated to further
guide SOP implementation.
1.2. Overview of Thesis
Topologies of distribution level power electronics being considered for use as SOPs are described
in Chapter 2, with the advantages and disadvantages for each type discussed. Some background
on low-level converter design is also provided in this chapter in order to justify studies performed
later in the thesis. An account of the limitations on network growth as well as solutions alternative
to using independent medium-voltage power electronic compensators are considered. As optimal
power ﬂow studies are crucial to this work, a description and literature survey of optimization in
power systems is also given in this chapter.
Chapter 3 describes the tools, models and methodology used in performing the studies presented
in this thesis. Step-by-step procedures for the various processing and testing algorithms are de-
scribed in detail. In addition, comparisons with alternative methods of performing these studies
are presented.
Presentation and analysis of the beneﬁts and a comparison of the performance of various compen-
sation schemes are given in Chapter 4. Here the performance of distribution level power electronics
is quantiﬁed in terms of reliability improvements, accommodation of network growth and defer-
ral of network infrastructure upgrades. This chapter considers beneﬁts for the use of SOPs and
other forms of active compensation throughout the distribution network using placement schemes
described in Chapter 2. The use of energy storage in conjunction with SOPs is also considered.
A brief account of lower level control and design considerations for SOP implementation are
discussed in Chapter 5 along with the proposal of a ﬁlter design which can provide a reduction in
overall compensator size and losses.
SOPs can also be used to directly compensate substation transformers in order to prevent trans-
former overloads. Chapter 6 describes additional considerations associated with this application,
evaluates compensator performance, and provides additional comparisons of diﬀerent low-level con-
verter topologies which can be used.
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2. Background and Literature Survey
A brief introduction to the topics considered in this thesis will be given in this chapter, including:
types of power electronics and converter topologies considered for this application, equipment in-
stallation options, limitations of existing equipment, optimization algorithms, and optimal power
ﬂow techniques. In each corresponding section, a reference to relevant existing literature for further
reading on these topics will be provided.
2.1. Power Electronics in Distribution Networks
A large amount of literature relating to the use of power electronics for the support of the transmis-
sion (high-voltage) grid exists. Devices used for this purpose are referred to in literature as ﬂexible
AC transmission systems (FACTS) or sometimes custom power devices [16, 17]. Many analogies
can be made with FACTS applications to the implementation of power electronics at the distri-
bution network level [18]. FACTS devices have been covered in depth in textbooks, such as [19].
Some literature refers to the use of FACTS devices, or variants of FACTS devices, in distribution
networks as Flexible AC Distribution Systems (FACDS) devices [18]. This should not be confused
with the class of devices known as D-FACTS (distributed FACTS), which refer to large numbers
of smaller FACTS installations distributed across transmission lines [20, 21].
Similar to the work presented in this thesis, [18] discusses the use of power electronics in distri-
bution networks to support distributed generation growth and also oﬀers an overview of possible
compensator types that would be suitable for this application.
In contrast to transmission networks, the lower operating voltage of distribution networks makes
certain devices more cost-feasible. Speciﬁcally, fully rated converters can be considered for deploy-
ment in large numbers to provide ancillary services rather than only for critical bulk power transfer
applications such as HVDC interconnections between regions. VSCs for medium-voltage drives,
wind-turbines, are already widely available and have been designed to be relatively compact and
self-contained [22].
2.1.1. Types of Power Electronic Compensators
The characteristic features of a SOP were described in Section 1. The compensator topology chosen
to realize these deﬁning characteristics is not limited to one type of compensator; several options
are possible, including (but not limited to):
• Back-to-Back (B2B) and Multi-Terminal (MT) Voltage-Soured Converters
• Static Synchronous Series Compensators (SSSC)
• Uniﬁed Power Flow Controllers (UPFC)
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STATCOM B2B MT SSSC UPFC
Feeder Connection None DC-Link (async.) DC-Link (async.) Direct (sync.) Direct (sync.)
Active Power Exchange N Y Y Limited Y
Post-Fault Restoration N Y Y Y Y
Reactive Power Support Y Y Y Limited Y
Partially rated converters Y N N Y Y
Additional feeders required N Y Y Y Y
VSCs in Series 0 2 2 1 1
VSCs in Shunt 1 0 0 0 1
VSCs Per Device 1 2 >3 1 2
Table 2.1.: Summary table comparing the properties (features and drawbacks) of the compensators
under study
Static synchronous compensators (STATCOM) are also considered for comparison. Since other
power electronic devices than those with the characteristic features of the SOP are considered,
the power electronic devices in question will sometimes be referred to generically as compensators.
Each type of compensator has its own set of limitations and advantages when compared with the
other options. This section will discuss the types of compensators being considered in this thesis
and make reference to existing literature discussing each type in further detail. Modeling of these
compensator topologies is discussed in further detail in Chapter 3, with a comparison in terms of
the number of VSCs involved and their rating presented.
Figures 2.5 to 2.6 in the sub-sections to follow give an overview of the layout for the compensators
being considered. Each type of compensator is composed with an arrangement of voltage-sourced
converters (VSCs) with a varying rating and quantity. Additional details regarding the topology
of the VSC itself are provided in Section 2.1.2. Table 2.1 oﬀers a side-by-side comparison of the
compensation devices considered. The table shows key properties by which the compensation
devices will be compared in the analyses shown in Chapter 4. These properties are described as
follows:
• Feeder Connection: 'DC-link' refers to the asynchronous connection of two AC network
nodes due to the intermediate AC/DC conversion stage involved with some compensation
devices. A direct connection refers to the AC nodes connected synchronously; or for the
examples presented, through a series transformer.
• Active Power Exchange: the ability for the compensator to transfer active power between
AC network nodes.
• Post-Fault Restoration: whether the compensator can supply an isolated section of the
network from its other grid connection points. Also considered is how many VSCs must
supply the isolated load in its entirety.
• Reactive Power Support: the ability of the compensator to provide reactive power support
to the network.
• Partially Rated Converters: refers to whether the converters can induce power ﬂows
between AC nodes greater than the rating of the constituent VSCs, Sv.
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• Additional Feeders Required: whether cable installation is required to support the in-
stallation of a particular device
• VSCs in conduction: the number of VSCs that the power transferred between any two AC
nodes must pass through. This number is indicative of the losses of the compensator.
• VSCs per device: the number of VSCs associated with each of the diﬀerent compensation
devices.
Compensators will also be discussed in terms of their ability to exchange real (P) and reactive (Q)
power, which deﬁnes a P-Q capability curve. It is emphasized that these curves diﬀer from those
established in literature for similar FACTS devices, as those devices are used in transmission net-
works with stiﬀ grid connections. In the case of distribution networks with compensators installed
at feeder endpoints, the converters will have a weaker grid connections at their output terminals.
For this reason, the entire network model needs to be accounted for in order to accurately determine
the capability curve, especially for series-type compensators. The example capability curves shown
in the subsequent sections are intended to compare the capability of these compensator topolo-
gies on an arbitrary network. The key characteristics of each capability curve are exaggerated to
emphasize the limitations or advantages of each type of compensator.
Back-to-Back Voltage Sourced Converters (B2B)
The back-to-back converter consists of two VSCs connected via a DC link to form an asynchronous
AC/AC conversion device, as pictured in Figure 2.1. Each VSC is controlled to allow active power
exchange between the two AC front-ends and provide reactive power support.
P
Q
Back-to-Back Voltage-Sourced Converter (B2B)
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VSC 2
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Figure 2.1.: Back-to-back VSC high-level topology and capability curve
Of the point-to-point compensators being compared (B2B, UPFC, SSSC), the back-to-back VSC
conﬁguration oﬀers the most ﬂexibility in terms of a power ﬂow capability curve, being able to
induce power ﬂow between feeders with little dependence on the network state or parameters. The
constraints for back-to-back compensators limit the voltage of each VSC and the current according
to the speciﬁed percentage rating, and also ensure a power balance between all VSCs. Positive
reactive power support provided by VSC is limited by the maximum output voltage each grid
interfaced VSC, which is in turn limited by the DC link voltage level.
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To interconnect two AC nodes in a network with a back-to-back converter, it is possible to
utilize an AC or DC interconnection. A DC-interconnection involves extending the DC link and
having the two VSCs in diﬀerent locations. An AC interconnection involves having the VSCs in
one location and utilizing an AC interconnection between two locations. Further discussion of
DC versus AC interconnections is provided in Section 3.4, and some analysis of simulation results
performed in Chapter 6. The minimum supporting cable installation for the interconnection of the
two AC nodes compensated by the back-to-back converter is a straight line between the two nodes,
however planning restrictions may result in additional cable routing.
Transferring power between two nodes with the back-to-back conﬁguration requires conduction
through two VSCs and therefore could involve considerable peak conduction losses in comparison
with other alternatives. Despite this, it is not necessary to operate the compensators continuously
in order for them to achieve their desired function. With this in mind, the average losses across the
lifetime of the device could be a less signiﬁcant factor than at ﬁrst considered when accounting for
cumulative converter losses. A study considering the diﬀerences in losses when devices are operated
only when needed for compensation is presented in Section 6.4.2.
A medium-voltage back-to-back installation utilized for power exchange between transmission
grids (via step-up transformer) is discussed in [23]. Much of the information surrounding the
application of back-to-back or multi-terminal VSCs involves utilizing them for creating high voltage
(>200 kV) DC networks or point-to-point links [24, 25], also referred to as VSC-based HVDC. While
these applications consider much higher voltage and power levels, there are overlapping areas of
research including a design emphasis on reliability. A VSC-based HVDC link of greatest similarity
to SOP implementation will be discussed in Section 2.1.3.
Multi-Terminal Voltage Sourced Converters (MT)
The multi-terminal compensator is an extension of the back-to-back converter in which additional
VSCs are connected to a common DC-link or DC interconnection, as shown in Figure 2.2. The
number of VSCs associated with a multi-terminal compensator is deﬁned as 3 or greater. Many of
the same advantages and limitations discussed for the back-to-back compensator are applicable to
the multi-terminal compensator.
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Multi-terminal Voltage-Sourced Converters (MT)
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Figure 2.2.: Multi-terminal VSC high-level topology and capability curve
As the multi-terminal compensator must provide interconnection between several nodes, the
supporting cable installation required to implement this type of compensator can be restrictive.
Some options for the interconnection of AC nodes with a multi-terminal compensator are shown in
Figure 2.3. The VSC and DC hub connection options require less supporting cable installation than
the DC Ring Connection. However, if considering real-world distribution networks then it must
be considered that cables would require routing through the centre of the network, which is often
the area of greatest load density. Restrictions on cable routing through areas of high population
and load density should be accounted for when considering the hub interconnection schemes. In
addition, the total cable installation required to interconnect a given number of AC nodes is greater
than that of the paired compensator types (back-to-back, SSSC, UPFC) providing compensation
to the same number of nodes. The degree to which supporting cable installation lengths for multi-
terminal interconnection is greater than paired compensators is shown in Figure A.7 for a VSC or
DC hub style interconnection in real UK distribution networks.
DC Ring Connection
VSC(s)
VSC Hub Connection DC Hub Connection
AC InterconnectionAC Node DC Interconnection
Figure 2.3.: Multi-terminal compensator interconnection options
In terms of post-fault resupply, since a given isolated portion of the network can be resupplied
from multiple sources, it is possible to reduce the ratings of the converters slightly while still
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allowing for full post-fault resupply, e.g. if VSC 1 must supply 10 MW of load then VSC 2 and VSC
3 can each supply 5 MW whereas a back-to-back converter would require two 10 MW converters
for resupply. Minimizing current ratings for post fault resupply was not considered in this work,
however a histogram indicating the total load in isolated segments of real UK distribution networks
is given in Figure 3.15.
The majority of research surrounding multi-terminal interconnection of VSCs concerns the trans-
mission level interconnection of national power systems via multi-terminal HVDC links [26], or the
connection of multiple oﬀshore wind farms to form DC grids [27, 28]. Literature concerning medium-
voltage multi-terminal VSCs speciﬁcally was found to be limited that concerned with their use in
shipboard power systems [29]. The presence of faults on DC interconnections is an important issue
that is addressed in [30, 31] and also discussed further in Section 2.1.4.
Static Synchronous Series Compensator (SSSC)
A static-synchronous series compensator (SSSC) utilizes a transformer connected between two
network nodes to apply a voltage in series between them, as pictured in Figure 2.4.
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Static Synchronous Series Compensator (SSSC)
-Sv
-Sv
Figure 2.4.: Static synchronous series compensator high-level topology and capability curve
Control of this series voltage eﬀectively alters the impedance between those two points, thereby
providing inﬂuence over real and reactive power ﬂows between the connected nodes. The SSSC is
limited to the exchange of reactive power, thus only a reactive impedance can be realized. The
capability curve of the SSSC is determined not only by the device rating itself, but is also strongly
dependent on the network topology, loading condition and device placement. The capability curve
shown in 2.4 has a small area due to these limitations, however if placed correctly the SSSC can
oﬀer improved performance (in terms of PQ-area). Depending on the turns-ratio utilized, the power
ﬂow induced between two AC nodes can be greater than the rating of the VSC due to a reduction in
current or voltage on the converter-side transformer winding. Thus, a converter with a lower rating
could be used to achieve the same power ﬂow control as the B2B converter in some conditions.
An inherent drawback to the SSSC is the fact that the interconnected nodes at each end of the
device are not isolated via a DC-link; therefore, disturbances on one connected feeder will aﬀect
the other unless a control strategy is developed to reject or compensate for disturbances. The
interconnection is also not asynchronous.
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Further information regarding SSSCs can be found in general literature surrounding FACTS
devices such as [19]. An SSSC is also similar in topology to a dynamic voltage restorer (DVR), which
is a device inserted in series between a source and a load which is controlled to mitigated voltage
sags and swells on the supply-side, thereby improving power quality for the load. In contrast, SSSCs
interconnect two supply points with the intent of inducing power ﬂows between those two nodes.
As they share a similar topology, design techniques and control strategies for both applications
can often be applied to both. DVRs are also used more widely in medium-voltage (distribution-
level) applications in order to improve quality of supply for industrial customers whereas SSSCs are
typically considered for transmission level compensation as FACTS devices. The use of DVRs in
distribution networks (at the medium-voltage level) is discussed in [32, 33]. Control strategies for
DVRs dealing with unbalanced systems, which is of particular interest to their use in distribution
networks, is given in [34, 35].
Uniﬁed Power Flow Controller (UPFC)
Like the SSSC, the uniﬁed power ﬂow controller (UPFC) applies a series voltage injection along
with a shunt real and reactive power injection to inﬂuence the network. This is pictured in Figure
2.5.
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Figure 2.5.: Uniﬁed power ﬂow controller high-level topology and capability curve
The capability curve of the UPFC is also dependent on the network topology, loading condition
and device placement like the SSSC; however, the real and reactive power exchange of the shunt
converter allows for much greater power ﬂows to be induced between feeders. This comes at the
expense of an additional shunt transformer and VSC. The capability curve pictured shows the case
in which the use of a series transformer with appropriate turns-ratio allows the VSCs of rating
Sv to induce power ﬂows between AC nodes greater than SV . The oﬀ-centered appearance of the
capability curve is intended to show the sensitivity of the power ﬂow capabilities of the UPFC to
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the network topology.
As in the case of the SSSC, feeders connected with a UPFC will not be separated by a DC-link
and therefore the two electrical networks connected must be synchronous.
Further information regarding UPFCs can be found in general FACTS literature [19]. The use of
UPFCs in distribution networks is considered in [36, 37]. While not considered in this thesis, the
work presented in [38] considers a UPFC topology which eliminates the need for a series injection
transformer.
Static Synchronous Compensator (STATCOM)
The static synchronous compensator (STATCOM) takes the form of a VSC connected in shunt
with the medium-voltage line, as pictured in Figure 2.6.
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Figure 2.6.: STATCOM high-level topology and capability curve
Since each STATCOM is only associated with a single network node, there is no necessity for
an additional cable link installed between nodes. This will greatly lower costs and avoid planning
constraints associated with each device installation when compared with the other options.
The STATCOM is limited in that it cannot exchange active power with the network, and therefore
cannot exercise the same degree of control over power ﬂows compared to the other options, e.g., it
cannot provide balancing for main feeder currents. It therefore cannot provide the characteristic
features of a SOP, but has nevertheless been included in studies for the purposes of comparison.
Early discussion of the use of STATCOMs in rural distribution systems can be found in [39].
The use of STATCOMs combined with an energy storage system can be found in [40].
Other Devices
Dynamic voltage restorers on individual feeders were already discussed in Section 2.1.1. This
application of a DVR could be used to provide voltage control in distribution networks, however
they were omitted from comparative studies due to their similarity with SSSCs and the inability
to transfer power between feeders.
Another FACTS device that could also be considered for use as a SOP is the interline power
ﬂow controller (IPFC), which consists of two series connected transformers connected between the
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source and load on separate feeders with an AC/AC power conversion system in between. IPFCs
are introduced in [41]. An existing IPFC installation is examined in [42]. IPFCs are primarily
considered for use in transmission networks as FACTS devices.
IPFCs interconnected with VSC-based back-to-back power conversion systems at the medium
voltage level are sometimes referred to as 'interline dynamic voltage restorers', or interline DVRs
(IDVR) [43]. The IDVR was omitted from the comparative studies because it would require fully
rated converters between connected feeders in order to provide post-fault resupply. Thus, to provide
the same capabilities as the back-to-back compensator, the IDVR would also require the two series
injection transformers and two converters of the same rating. IDVRs are also intended to be
connected between a source and load, thus installation at feeder endpoints to maximize post-fault
resupply to customers would not be an option. Interline DVRs do oﬀer an advantage over individual
feeder DVRs in that they can source and sink active power and thus oﬀer greater ﬂexibility.
An uninterrupted power supply (UPS) generally consists of an energy storage element interfaced
to the grid through a VSC. UPSs are used to supply power to a locally connected load in the
vent of the loss of supply from the utility. Applications of UPSs range from the consumer-level to
industrial-level. As an alternative to an uninterrupted power supply (UPS), industrial customers
often make use of transfer switches which allow for a quick transfer from one supply feeder to
another in order to minimize downtime due to an outage. A fast mechanical switch can be used
for this purpose or, alternatively, semiconductor based static transfer switches (STS) can be used.
STSs oﬀer improved speed and nearly instantaneous transfer of supply to another feeder, intended
to ensure that sensitive industrial loads are not disturbed [44]. As the primary use of an STS is
to provide fast changeover between feeders, it is not prudent to compare them to the compensator
types discussed above for the control and optimization of power ﬂows within a distribution network.
An STS could be used to improve reliability in a distribution network by oﬀering faster re-closing
times versus mechanical switchgear. Detailed analysis of a thyristor-based static transfer switch is
given in [45, 46]. The use of STSs in the reconﬁguration of distribution network feeders is considered
in [47, 48].
2.1.2. Voltage Sourced Converter Topologies
The high-level compensator topologies introduced in Section 2.1.1 all make use of VSCs in various
electrical conﬁgurations. Many diﬀerent low-level topologies exist for the VSC itself which can
aﬀect the performance and size of the compensator.
This work does not consider all VSC topologies that are suitable for SOP implementation. A
good overview of VSCs intended for FACTS controllers can be found in [49]. The studies presented
in this thesis are limited in scope to the use of two diﬀerent types of voltage-sourced converters: a
classical two-level three-phase bridge, and a multi-level modular converter (MMC). The low-level
topologies of these two types of VSCs are shown in Figure 2.7.
For several of the studies performed, a characterization of converter losses is required. An
approximation of these losses has been made and is presented in Table 2.2. The losses are a
function of the switching and conduction losses at various loading conditions, as well as the losses
in a passive ﬁlter (LCL) designed to meet grid interconnection requirements. Losses are calculated
based on the use of 3.3 kV, 1200 A IGBTs from Toshiba (MG1200FXF1US53) forming VSCs
according to the topologies in Figure 2.7. The converter topologies considered are intended for use
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Figure 2.7.: VSC topologies under primary consideration for the studies performed in this work
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Operating Point (% Rated) 2-Level Eﬃciency (pu) 13-Level MMC Eﬃciency (pu)
10% 0.771 0.895
20% 0.861 0.939
30% 0.890 0.953
40% 0.903 0.959
50% 0.909 0.962
60% 0.912 0.963
70% 0.913 0.964
80% 0.913 0.964
90% 0.911 0.964
100% 0.906 0.963
Table 2.2.: Converter eﬃciency at each operating point given as a percentage of the rated output
power calculated from the assumptions outlined in Section 2.1.2
with a 20 kV DC-link and 11 kV AC output at 12 MVA nominal. A 13-level conﬁguration is chosen
for the MMC option.
While the conduction losses of the MMC are generally higher, the associated switching losses are
greatly reduced versus the two-level option. The MMC requires an additional number of devices as
well as additional control considerations for the balancing of the capacitor voltage in each module.
2.1.3. Existing Installations and Devices
The voltage and power rating of compensators considered in this thesis is between 1 MVA and 10
MVA at 11 kV. Due to the high capital costs associated with large numbers of multi-megawatt power
electronic installations for grid support, there are relatively few examples of their implementation
within distribution networks.
Most examples of similar installations are found in the application of VSCs in HVDC links.
Thyristor-based HVDC links have been in operation since the mid 20th century [50], and VSC
based HVDC links have followed after 1990 [51]; as such, a good deal of information has been
published about such systems throughout subsequent years.
The most relevant installation is found in the implementation of a back-to-back VSC-based
conversion system in Eagle Pass, Texas, which was commissioned in 2001 [52]. A picture of this
installation is provided in Figure 2.8. This installation makes use of ABB's early HVDC-light
topology which consists of a back-to-back arrangement of 3-level neutral-point clamped IGBT-
based VSCs operating at a 1.5 kHz switching frequency. This back-to-back link can exchange 36
MW between two asynchronous power systems and also restore load when supply is isolated on one
side. The converter-side of the step-up transformers is 15.9 kV, which means this device can be
considered as part of the medium voltage power electronic class. Discussion of this installation is
intended to give an idea of the size of the individual components involved with a medium voltage
multi-megawatt back-to-back converter installation.
While a scale is provided for the entire layout of the Eagle Pass installation was given in [52],
the size of the individual buildings comprising the installation was not. Based on the scaled layout
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Figure 2.8.: ABB Eagle Pass Back-to-Back VSC installation [52]
provided, an estimate of the size of each building associated with this installation is given in 2.9.
It is noted that the cooling towers comprise a large portion of the installation area, and thus the
physical footprint could potentially be reduced with water-cooling or other methods. The grid
interface ﬁlter comprises a large proportion of the area as well. The size of the grid interface ﬁlter
can also be reduced through the use of multi-level converter topologies which require less ﬁltering
to meet grid-interconnection harmonic requirements.
It was previously mentioned that converters of similar rating to those considered for SOP im-
plementation are presently used for synchronous generator based wind turbines. An example of a
commercial product utilized for back-to-back AC conversion for wind turbines is pictured in Figure
2.10 with the dimensions of the unit (in back-to-back conﬁguration) overlayed. The dimensions are
presented for a 4 MVA and 9 MVA model operating at 3.4 kV. While the size of the system will
scale with voltages (3.4 kV vs 11 kV), this self-contained unit is nowhere near the size of the Eagle
Pass installation and therefore oﬀers some assurance that the size of a medium voltage back-to-
back installation can be reduced. Note that this unit utilizes IGCTs (with lower associated losses)
instead of IGBTs and a water cooling system, which contributes to the more compact size of the
system.
As the grid interface ﬁlter is shown to constitute a large proportion of the installation size for
a SOP, this work will consider methods for reducing its size while still meeting grid interconnec-
tion requirements. In theory, the size of a passive ﬁlter component should scale with the peak
energy stored within. Filter size estimation methods based on this for switch mode power supplies
have been presented in [54] and [55], however they do not account for the clearances and device
insulation thicknesses associated with higher voltage VSC installations. Rather than attempt to
approximate these considerations, manufacturer data for passive components utilized in medium
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Figure 2.9.: Sizing for a 36 MW/15.9 kV back-to-back utility-scale conversion system [52]
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Figure 2.10.: ABB PCS 6000 self-contained water-cooled 3-level IGCT back-to-back wind turbine
converter [53]
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Figure 2.11.: Comparison of interconnection costs considering an HVDC link scenario (left) and a
SOP interconnection scenario (right)
voltage applications was used to determine a scaling factor for the quoted component size in data
sheets versus the peak energy stored in the component. This will be discussed further in Chapter
5 along with other SOP design considerations.
2.1.4. DC Versus AC Interconnection
The use of back-to-back and multi-terminal compensators raises the issue of whether supporting
cable installations should be DC or AC, as pictured in 2.3. A DC interconnection allows for a
reduced number of cables and voltage drop is a non-issue (as compared with HVDC bulk power
transmission) for the distances considered, i.e., across feeders in a distribution network or between
adjacent substations. However, a fault occurring on a DC interconnection introduces additional
complications compared with an AC interconnection.
When evaluating long distance transmission options, e.g. connection of oﬀshore wind farms,
DC transmission is considered to be more economically viable with increasing distances. This is
primarily due to the cost of cable or overhead line installation becoming much more signiﬁcant in
comparison with the cost of the HVDC converter. In the implementation of SOPs, there are two
primary diﬀerences:
• The required supporting cable installations are on the order of kilometres rather than hun-
dreds of kilometres
• The capital costs of the converter installation and equipment are applicable to both the AC
and DC interconnection options for SOP implementation, as they are not optional components
in the AC interconnection
This comparison of how costs scale with distance is illustrated in Figure 2.11. The additional
capital costs associated with the SOP installation with DC interconnection are shown in order to
represent the extra measures taken for protection of the DC-link. While the cost equilibrium point
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is much lower when the AC and DC interconnections both include the converter cost, the cost
of the additional protection measures must be taken into account when more detailed planning
is performed. As smaller distances are being considered, it may also be that SOP installations
still do not warrant the use of DC interconnections on an economic basis despite the reduced cost
equilibrium point.
A DC interconnection would involve VSCs being placed in separate locations, which could be
advantageous depending on the space available for each installation site.
At the 11 kV level, protection of the DC-link can be achieved with the use of DC circuit breakers.
Such devices have recently been developed for HVDC and DC urban rail applications [56]. It is
also possible to use an additional power conversion stage to provide a controlled DC-link, which
can also be used to limit fault currents. This will be explored further in Chapter 6. A discussion
of additional DC interconnection issues is provided in [57].
2.1.5. Compensator Placement
The ability of a compensator to provide the greatest control over network voltages, the ability to
resupply the greatest number of customers in post-fault scenarios, and the cost of installation will
depend greatly on the placement of the compensation device within a given distribution network.
Placement of compensation devices is a particularly challenging problem in distribution networks
due to the large number of nodes available for placement. Due to this large number of siting options,
a brute force approach is not practical as it would require evaluation of compensation beneﬁts on
a prohibitively large number of node combinations, e.g., for a network with n nodes considering
paired compensator placement,
(
n
2
)
pairs would require evaluation. With the installation of multiple
compensators, the number of evaluations increases greatly as the incremental performance of one
installation will depend on which areas of the network are aﬀected by the other installations,
resulting in an evaluation of
((n2)
2
)
placement options. Typical distribution networks contain 300
or more nodes, resulting in approximately 45000 options for a single compensator placement and
1×109 options for two compensators. The number of nodes considered can be reduced signiﬁcantly
by eliminating sites which are not suitable for installation, however a brute force method was
still considered prohibitive in terms of computational time for the tests performed in this thesis,
especially for the placement of more than two compensators.
As an alternative to a brute-force approach, an iterative method for placing compensators based
on the weighting of various objectives is introduced in this work. The procedure will be described
in Section 3.3.3. This method does not guarantee optimal placement, but it will be shown that by
weighting certain performance criteria, the performance of the compensators can be inﬂuenced in
the desired manner. Placement at existing switchgear sites will also be considered in this work.
Past literature exists for the optimal placement of compensation capacitor banks in radial dis-
tribution networks [58, 59, 60] which could be extended to the placement of STATCOMs. At the
transmission level, placement of FACTs based on network security objectives was considered in
[61, 62] and available transfer capability in [63].
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Figure 2.12.: Points of voltage constraint breach (left) and points of thermal limit breach (right)
summarized for a large number of distribution networks. Warmer colours indicate
areas in which these constraint breaches are concentrated
2.2. Limitations to Network Growth
Network growth is considered in the form of increased peak customer demand or the introduction of
DG to distribution networks. As one of the primary considerations for the use of power electronics
in distribution networks is to enable network growth, the present limitations to the growth of
distribution networks will be discussed in this section.
2.2.1. Distributed Generation Limitations
As previously mentioned, network operators often prefer to connect DGs at higher voltages where
their impact on voltage levels is negligible. However, connection costs increase considerably at
higher voltages, so developers tend to prefer to connect their equipment at lower voltages, i.e.,
the 11 kV or medium-voltage distribution system [11] where the eﬀects of DG installation on
network voltages are particularly noticeable [12]. Domestic customers may also install generation
in large aggregated amounts on low-voltage (230 V RMS) networks, e.g., rooftop photovoltaics.
Distributed generation in this context refers to any device installed through a network which is
capable of sourcing active power back to the distribution (and ultimately, transmission) grid. This
includes traditional renewable sources such as wind turbines and photovoltaics (PV), but also large
scale energy storage or plug-in electric vehicles used for vehicle-to-grid applications.
Limitations to the introduction of DG into a given distribution network come in the form of
voltage, thermal, and fault-current limits. 11 kV networks within the UK are generally designed to
regulate the voltage to within ±3% of nominal [64], and this limitation will be used to deﬁne the
voltage limits in this thesis. EN50160 standards presently deﬁne slightly looser limits [65], however
there is discussion that they may be tightened in future [66]. For many of the studies performed, the
imposed thermal limits are based on that from real network data. The worst case in terms of both
voltage control and thermal limit breaches comes when the distributed generators are exporting
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their maximum (peak) power and the network loading is at its minimum level [64]. In order to
gain insight about which areas of the network must be reinforced with the introduction of DG, a
heat map summarizing failure locations for a large number distribution networks is shown in Figure
2.12. The points at which most networks experience constraint breaches with the introduction of
DG will be further discussed in Chapter 4.
The diﬀerence between peak DG capacity and average DG capacity should be emphasized. For
the worst case scenario, peak output is considered. As some forms of distributed generation have
quite low capacity factors, particularly photovoltaics, it becomes a realistic possibility that cus-
tomers will install generators with a peak output equivalent to or higher than their own peak
loading requirements.
Another issue associated with many forms of DG is intermittency. The intermittent nature of
renewable energy sources leads to the inability to forecast net demand, which is undesirable from
the point of view of coordination with transmission level generation dispatching [67]. Wind and
PV in particular suﬀer from relatively high rates of change in terms of their energy output on an
order greater than non-spinning reserve can successfully accommodate [68], e.g., fast moving clouds
can cause transients in the output of PV installations on the order of seconds [69]. Intermittent
generation can also increase the use of tap-changing devices and therefore cause premature failure
of such devices [70].
A general discussion regarding the limits to the introduction of distributed generation is given in
[71, 72]. Considerations of overvoltages due to DG installation are made in [9, 73, 64]. Methods for
determining DG integration limits are proposed in [74, 75]. An account of the economic beneﬁts of
DG is given in [76], while the costs of DG installations themselves are discussed in [77]. Furthermore,
general information about the operation of DG in distribution networks is provided in [10, 4, 78].
2.2.2. Customer Demand Increase Limitations
With the wide adoption of electric vehicles and heat pumps, there is a probability that peak cus-
tomer demand will increase sharply [79]. In addition to the mitigation of DG integration problems
with SOPs, the use of SOPs to accommodate increased customer demand will also be considered.
Issues associated with increased demand are similar to those of increased generation, with the
primary diﬀerences being that undervoltages will occur more frequently with increased the loading,
rather than overvoltages in the case of high DG capacities.
2.2.3. Network Operation Assumptions
Throughout this thesis, distribution networks are considered to have the necessary sensors installed
to provide an adequate picture of network states through the use of state estimation. Having a
picture of all node voltages and feeder currents throughout a given network remains a problem for
distribution network operators [80]. The usefulness of state estimation techniques can be improved
by giving priority to the installation of new sensors to critical locations within a given network so
that node voltages and currents at these points are successfully estimated. It should be considered
when interpreting the results presented in this thesis that performance of the compensators can be
hindered due to the lack of appropriately placed sensors or a suitable state estimation technique.
An introduction to state estimation is provided in [81] and review of state estimation techniques
is given in [82]. Much of the available literature on state estimation concerns the use of techniques
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for transmission networks, which contain a relatively large number of sensors per network node
and lot less nodes than a typical distribution network. The application of state estimation to
distribution networks has been considered in [80].
In addition, it is assumed that a low-bandwidth but reliable communication system which can
provide updates to the real and reactive power dispatch required for each SOP in a given network
is in place. The use of a communication system to dispatch SOP power outputs could be viewed
as a centralized control scheme, which can take into account all network variables and use other
installed SOPs to further optimize power ﬂows.
Assumptions have also been made in regards to the operation of the existing automatic voltage
control (AVC) scheme, which primarily involves voltage regulation through the use of on-load tap
changers (OLTCs). Additional assumptions made for studies will be presented where relevant.
2.2.4. Alternative Solutions
While active compensation with SOPs will be shown to accommodate increased levels of network
growth and improve power quality, there are alternative solutions that can be considered prior to
investing in distribution level power electronics. An overview of alternative solutions which may
allow for the accommodation of increased levels of DG speciﬁcally is provided in [83]. Further
literature regarding alternative solutions will be given in the following sub-sections.
Generation Curtailment and Demand-Side Management
Demand-side management refers to the situation in which DNOs attempt to control customer
demand in order to reduce peak loading levels through the active control of loads or by encouraging
customers to participate in load shifting schemes.
Curtailment of generation refers to the situation in which DG developers must forego the export
of generated power to the utility, e.g. by altering wind turbine blade pitch such that turbines are
not producing the maximum power that they would otherwise be for a particular wind condition.
Curtailment allows developers to install large quantities of generation into a distribution network
that could cause constraints to be violated in the worst-case scenario (minimum loading condition,
maximum DG output) if not disabled. Generation curtailment, and how it is aﬀected by the pres-
ence of SOPs, is also considered in this thesis in Section 4.2.6. Further consideration of generation
curtailment in distribution networks can be found in [84].
Coordinated or Decentralized Control of DG Interfaces
As many distributed generation sources are interfaced to the utility grid with a VSC, it is possible
to provide reactive power support or nodal voltage regulation through the use of these VSCs in the
sourcing or sinking of reactive power [85]. The decentralized control of DG units in order to provide
voltage regulation is considered in depth in [86, 87]. Though these works have similar motivations,
the results from these works are diﬃcult to compare directly with those presented in this thesis as
they are expressed in terms of 'DG curtailment avoided' rather than the network growth in absolute
terms.
Decentralized control of DG units was not considered in this thesis as one of the primary goals of
SOP implementation is to accommodate network growth without the requirement for participation
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from the customer or DG developer.
Coordination with existing Voltage Regulation Equipment
As previously mentioned, existing voltage regulation schemes involve the use of an on-load tap
changer (OLTC) to regulate network voltages. It is possible to improve existing AVC schemes
through the coordinated use of active compensation with the OLTCs themselves. This is considered
in [88] and [89] which show that STATCOMs in coordination with OLTCs achieved a reduction in
OLTC switching and improved voltage proﬁle.
Coordination of SOPs with OLTCs was also analyzed in this thesis, with the results are presented
throughout Chapter 4.
Network Reconﬁguration
Rather than add active compensation to distribution networks, it is possible to accommodate
additional demand or generation through intelligent planning and the use of existing switchgear.
Load balancing through network reconﬁguration with existing switchgear is considered in [90, 91].
While it can interfere with existing protection systems, upgrading networks from a radial to
meshed conﬁguration can oﬀer improved feeder voltage proﬁles. This is considered in [2, 92].
Optimal planning of new distribution networks to account for new DG installations is another
option. A multi-stage model for optimal planning is introduced and described in [93, 94]. Use of this
planning strategy results in a decreased overall cost due to taking into account the installation of
DG in the planning procedure. It is also possible to account for the presence of active compensation
when making planning considerations [95].
2.3. Optimization and Load Flow Techniques
Several of the network studies performed throughout this thesis make use of optimization and load
ﬂow techniques performed on network datasets. The concept of optimization and network load ﬂow
algorithms will be presented here as a brief introduction to this topic.
Optimization, also known as mathematical programming, refers to the minimization of some
quantity based on available parameters and constraints. The quantity that is being minimized is
generally expressed as a function of the problem parameters to form an objective function. Opti-
mization algorithms attempt to ﬁnd the most suitable values to assign to conﬁgurable parameters,
or decision variables, that will result in a minimum (or maximum) objective quantity, while still
meeting the constraints deﬁned for the parameters. The set of constraints deﬁne a feasible region
to which the decision variables must belong.
An example is shown in Figure 2.13 for an optimization problem with two decision variables (x1
and x2) and a scalar objective function. The values of x1 and x2 within the feasible region for which
the objective function, f(x1, x2) is the lowest is shown to be the point (x1∗, x2∗). Optimization
techniques strive to vary decision variables at each step in a direction that results in convergence
to this minimum point, however diﬀerent optimization techniques have diﬀerent limitations. Some
techniques are less robust, in that they require carefully selected initial conditions in order to
converge. It is also possible that methods which base search direction vectors on function gradients
converge to points in the feasible region which are merely local minima rather than global minima.
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Figure 2.13.: Optimization problem example showing feasible region and minimum point
When performing a large number of optimizations in a batch process, it is diﬃcult to ensure that
a particular method will converge for all scenarios.
As optimization algorithms to solve many types of problems are already developed, the challenge
in optimizing a system for a given set of parameters comes in the form of selecting an appropriate
algorithm for the task and deﬁning an objective function with constraints which accurately model
the system under study. Diﬀerent algorithms have criteria deﬁning how the problem can be for-
mulated. For example, linear programming requires a linear objective function as well as a linear
set of constraints. Quadratic programming can minimize a quadratic objective function but also
requires linear constraints. For a system that requires the use of non-linear constraints, another set
of algorithms must be utilized. If it is possible to linearize a set of constraints with an acceptable
level of accuracy for the operating points considered, then quadratic or linear programming can be
applied to these problems; otherwise, non-linear programming techniques must be utilized [96].
2.3.1. Non-Linear Programming
The use of distribution level power electronics for the active compensation of networks provides a
set of decision variables. These variables can be controlled to meet constraints or lower the value
of the objective function to levels unreachable without compensation. Non-linear programming
methods were used to search feasible regions and minimize objectives for the device and network
models used in this work. A description of the non-linear model and optimization problem will be
given in Chapter 3.
The non-linear programming technique used for this work is the active-set sequential quadratic
programming method. Sequential quadratic programming (SQP) refers to a method of non-linear
programming in which constraints are linearized at each iteration and a quadratic programming
sub-problem (QP sub-problem) is generated and solved. SQP is considered the state of the art in
terms of non-linear programming methods [97]. An overview of the SQP method can be found in
[98, 99].
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2.3.2. Load Flow
The term 'load-ﬂow' refers to an algorithm which calculates feeder currents and voltages in a given
electrical network. A summary of conventional load ﬂow techniques is given in [100]. Load ﬂow was
historically performed with the Gauss-Siedel method, however the computational time associated
with this method increases sharply with the number of network nodes [101] making it unsuitable for
distribution networks. Development of the Newton-Rhaphson method allowed for much improved
computation time, which only increases linearly with the number of network nodes [101]. In the
Newton-Rhaphson method, a distribution network is described by an admittance matrix and the
solution error deﬁned as the diﬀerence between the calculated load power and objective load power.
At each iteration, the voltages at each node are perturbed in order to reduce the size of the error
with the aim of eventually meeting some error threshold. The ability of the load-ﬂow routine to
converge is aﬀected by the initial condition as well as the loading condition and properties of the
electrical network itself.
In an era where computational intensity was of greater importance, a load ﬂow method referred
to as the fast-decoupled method was devised [102]. The fast-decoupled method exploits the rela-
tionship between active power ﬂows with bus phase angles and reactive power ﬂows with voltage
magnitudes to create a faster and more convergent version of the Newton-Rhaphson method. The
issue with the fast-decoupled method is that it neglects feeder resistances. This is accepted prac-
tice for transmission-level load ﬂow calculations; however, in distribution networks, the resistance
of feeders is of greater signiﬁcance and cannot be neglected. A slightly modiﬁed version of the
fast-decoupled method was presented in [103] which is intended for solving networks with trans-
mission lines containing abnormal R/X ratios; however it is only as eﬃcient as the fast-decoupled
method up to a certain R/X margin. High R/X values in transmission lines do not approach that
encountered in distribution networks, making this algorithm unsuitable. An attempt to develop
a fast-decoupled method for unbalanced radial distribution systems was presented in [104], how-
ever it is limited to a radial network structure, which some distribution networks do not possess.
Strategies for dealing with weakly meshed distribution networks were presented in [105], but they
are again limited by the network structure.
In an attempt to handle a wider variety of network topologies, more accurately model customer
loads, and provide better consideration of device (compensator) constraints, an alternative method
to those discussed in [100] was developed and used in this work. In addition to more accurate
load modeling, it will be shown to provide load-ﬂow solutions equivalent to the Newton-Rhaphson
method as well as improved convergence properties by comparison.
2.3.3. Optimal Power Flow
Studies performed in this work rely on optimal power ﬂow studies, which combine the use of opti-
mization and load-ﬂow techniques in order to minimize an objective given a number of parameters
(such as generator outputs, or OLTC set points) while also providing a load ﬂow solution which
takes into account these parameter values. Such problems are referred to as 'Optimal Power Flow'
problems. Optimization techniques applied speciﬁcally to the area of power systems are covered
in detail in [96]. As previously described, FACTS devices and distribution level power electronics
add additional decision variables to the optimization process
As there are a large number of techniques available, many literature surveys have been written
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to allow engineers to choose a suitable technique for their application. An earlier survey is given
in [106], while a more recent survey which discusses modern techniques is given in [107].
As this work considers the use of active compensation as part of the OPF problem, techniques
which model active compensation devices are of particular interest. A survey of OPF methods
which take into account the operation of FACTS devices is given in [108]. Many of the methods
discussed in [108] rely on linearization of the problem. Also, a large proportion of the algorithms
discussed are concerned with improving network small-signal stability, which is not a concern at
the distribution level. Since the proposed method was found to work well for the tests performed
in this study, adaptations of the methods discussed in [108] were not considered for this work.
As large batches of test scenarios and network studies were performed in an attempt to generalize
compensator performance, it was necessary to utilize an OPF method which works in the largest
number of scenarios while providing enough ﬂexibility to accurately model the distribution networks
under study, the compensation devices, and the customer load composition. As will be shown in
Chapter 3, the use of SQP with the proposed load-ﬂow technique was found to meet these objectives.
This combination was therefore used in lieu of a conventional OPF strategy. Conventional methods
of OPF were tried, but did not perform adequately for the purposes of this work; however, it is not
suggested that other suitable solutions are not available for the studies performed.
2.3.4. Genetic Algorithms
In addition to mathematical programming methods, there are other methods of optimization that
are better suited to certain types of problems. A 'genetic algorithm' is a class of evolutionary
algorithms which essentially perform a guided search of the constraint space. The fundamental
steps of a genetic algorithm are as follows:
1. Generate an initial population of possible combinations of decision variables.
2. Based on a set of weighted criteria, the ﬁtness of each individual within the population is
evaluated.
3. Individuals which meet ﬁtness criteria are permitted to combine, or mate, with other indi-
viduals.
4. After mating occurs and the ﬁtness of new children is evaluated, a selection of individuals is
eliminated in order to maintain a constant population
5. Repeat at step 2
Genetic algorithms are advantageous compared with traditional mathematical programming tech-
niques in that they tend to converge to global minima rather than local one. Additional mod-
iﬁcations can be made to a genetic algorithm, such as 'elitism', which ensures that certain 'ﬁt'
individuals will never be eliminated from the selection pool through random selection and will
therefore continue to 'mate' in subsequent iterations (generations). Mutation can also be applied
at random to individuals to aﬀect convergence properties of the algorithm [109].
In this work, genetic algorithms were utilized to provide optimal ﬁlter designs on the basis of
reducing the size and losses associated with the passive components. For the purposes of ﬁlter
design, an 'individual' consists of a set of parameters (inductor, capacitor and resistor values)
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encoded into a binary number. The use of genetic algorithms for ﬁlter design optimization is
discussed further in Chapter 5, where the results of the optimization are also presented.
2.4. Similar Work
The use of power electronics, referred to as 'series controllers', in distribution networks is discussed
in [110] and [111]. The author discusses the beneﬁts of distribution level power electronics in
allowing for increased loading and distributed generation. The use of series controllers is found to
increase levels of DG penetration for the networks topologies considered.
The author then evolves from the use of series controller to what is referred to as intelligent
nodes, which represent the multi-terminal compensator option discussed in this work. Discussion
of the operating concept of intelligent nodes is provided in [112] while the optimization of intelli-
gent node dispatch is considered in [113]. Direct comparison of voltage regulation with radial or
meshed networks versus the use of intelligent nodes is given in the latter paper; a voltage regulation
performance increase is found with the use of intelligent nodes.
The studies done in this thesis complement and expand upon the work found in [110, 111,
112, 113] by quantifying beneﬁts directly and considering compensator and low-level converter
topologies suitable for this purpose in more detail. In addition, the use of more detailed and real
network topologies is used to further justify the use of active compensation in distribution networks.
Beneﬁts of compensation are also correlated with network type in order to indicate where active
compensation can oﬀer greater performance.
Other work of direct relevance is found in [37], in which a demonstration of the performance of
UPFCs in distribution networks with the objective of voltage regulation and loss minimization is
performed.
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3. Software Tools, Modeling and Methodology
This chapter discusses the tools, algorithms and models developed to assess the beneﬁts of the
various power electronic compensators considered for use as soft-open points. The modeling is of
primary relevance to Chapters 4 and 6, in which the results of network load-ﬂow and optimal power
ﬂow studies are presented. Other studies presented in this work utilize time-domain simulations or
the results of experimental implementation, performed using a combination of Matlab Simulink and
the PLECS Simulink toolbox. Some of the load-ﬂow studies in Chapters 4 and 6 are performed
over a range of time steps, but are executed as (sequential) load ﬂow studies, not time-domain
studies. They will be referred to as time-series studies where applicable.
The goal of the software development portion of this project was to obtain a set of tools which
analyze and simulate distribution networks in a variety of scenarios to determine the eﬀects of
various forms of power electronic compensation. The primary motivation for developing custom
software for the studies rather than using commercially available or open-source software packages
(ETAP, DigSilent, PSS/E) was to allow distribution networks to be modiﬁed programmatically to
realize diﬀerent scenarios. In addition, network data was obtained in a non-standard format and
therefore some processing tools had to be written to use this data eﬀectively. Some examples of
studies performed with the tools developed include:
• Adding or incrementing the presence of distributed generation at particular nodes to deter-
mine the eﬀect on voltage proﬁles or power ﬂows.
• Adding power electronic compensation of various types and determining how it can aﬀect the
behaviour of the network in various conditions or growth scenarios.
• Checking the eﬀect on reliability metrics of meshing together various sections of the network
with SOPs or NOPs.
Software development was performed primarily in Matlab using the m-script programming lan-
guage. While m-script is an interpreted scripting language and does perform poorly in some
situations when compared with fully compiled programming languages such at C, the pre-compiled
FORTRAN library (called LAPACK [114]) is heavily optimized for matrix operations and is there-
fore comparable to low-level compiled languages for the studies performed. Studies of distribution
networks with large quantities of nodes, feeders, and loads results in very large matrices used in the
load-ﬂow solution. In addition, Matlab contains several convenient features for vector and matrix
manipulation as well as built-in optimization routines well-suited to the studies performed. For
these reasons, the use of Matlab was considered suitable choice as a development environment on
the basis of convenience and performance.
Since some of the studies performed considered a large number of cases, it was necessary to
develop the software tools to allow jobs to be executed in parallel on multiple computers. As
several machines were available for simulation, this approach reduced the run-time signiﬁcantly.
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Figure 3.1.: Voltage proﬁles along feeders for diﬀerent network types
This Chapter will focus on describing the software tools and some of the methodology used for the
studies performed. The modeling of networks, loads, generators and power electronic compensators
will be presented. A load-ﬂow technique developed speciﬁcally for these studies will be shown and
compared with other options. In addition, an optimal power ﬂow strategy will be presented and
shown to be more suitable than other options for the studies performed.
3.1. Network Modeling and Types
3.1.1. Distribution Networks Under Study
The variety of distribution network topologies in existence make it diﬃcult to form generalizations
or quantify about the beneﬁts of installing power electronic compensation. Studies performed
for this thesis endeavor to classify distribution networks and correlate beneﬁts with dominant
characteristics of a large number of distribution networks.
Network data from two diﬀerent sources is utilized: a generic distribution system repository,
which contains data representative of various network types and real UK distribution system data,
which includes 599 distribution networks in the Southern and Eastern UK Power Networks (SPN
and EPN). The generic data-sets are used for proof-of-concept studies of networks with certain
dominant characteristics. The generic UK network datasets have also been used for preliminary
studies in order to determine which tests are worthwhile running on all real UK network datasets,
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i.e., loss minimization and diﬀerent forms of network augmentation for comparison with active com-
pensation. The real UK network data is used to show statistical trends in compensator performance
under diﬀerent scenarios, which will be presented in Chapter 4.
Classifying Generic UK Networks
The generic distribution system data-sets include a total of 7 diﬀerent networks. The data was
obtained from the UKGDS (United Kingdom Generic Distribution System) project [115]. The
generic systems have been developed to represent particular types of distribution networks: rural,
urban and mixed:
• Rural networks are characterized by long feeders with relatively light loading per bus (25
kW/node average). Two data sets were studied representing rural system types, designated
Rural 1 and Rural 2 within this thesis
• Urban networks are characterized by their high loading density and large total load. Only
one generic data set representing this system type was available, designated Urban 1
• Mixed networks contain a combination of characteristics from the rural and urban network
types, with some rural areas and some urban areas. Four data sets were used representing
this system type, designated Mixed 1, Mixed 2, Mixed 3 and Mixed 4. Networks of this type
are sometimes referred to as suburban or combined type
Figure 3.1 shows the voltage proﬁles and some load statistics for the generic UK network types. It
can be seen that rural networks are lightly loaded but still have large voltage drops across feeders,
while the opposite is true for the generic UK urban distribution network shown. In this ﬁgure, the
numbers on the x-axis refer to a node or bus identiﬁcation number, in which bus ids of a particular
feeder are sequential.
While UKGDS networks have already been categorized, the real data sets have not. Thus, a
procedure for classifying the real networks was developed and will be described in the section to
follow.
Classifying Real UK Networks
The real data sets are not clearly distinguishable according to the rural, urban and mixed classiﬁ-
cation scheme; thus, a metric was developed which allows for classiﬁcation of the real distribution
networks based on an analysis of its geographical, loading and feeder data. This metric will be used
in Chapter 4 to correlate the quantiﬁed beneﬁts of compensators with network types for various
network studies, e.g. the allowance of distributed generator growth increase correlated with the
network classiﬁcation metric.
While there are several plausible characteristics that can be used to classify distribution networks,
e.g. mean feeder length, it was found that metrics which relate to load density allowed for better
correlation with results of the studies performed. In particular, the rate of cumulative load change
over geographical distance from the main substation showed the highest correlation across studies
performed. Taking the primary substation as the centre point of each network and moving outward
radially in small steps, one can imagine a circle at each radius step which encompasses a certain
proportion of the total network load. As the radius is increased, the entire load is eventually
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encompassed. By averaging the rate of change of total load encompassed with increasing radius we
have a metric, M , (in %total loadkm ) in which to classify that network.
To further illustrate how this metric is calculated, Figure 3.3 shows three network data-sets of
clear distinction. Here it is clearly seen that the peak rate of change in load is much higher for a
clearly urban type network (BRIGHTON TOWN) while quite low for a more rural area (ASHFORD
WEST). Diagrams showing the topology of these networks are also given in this ﬁgure. Note that
the topological diagrams are not to scale, i.e., the rural network contains longer feeders than the
urban network despite appearing to be of similar size in this ﬁgure.
This metric can also be deﬁned mathematically by considering the load at any point (in polar-
coordinates) in a distribution network as a continuous function l(r, θ). The total load encompassed
as a function of the radial distance from the substation, d, can be expressed as
L(d) =
ˆ d
0
ˆ 2pi
0
l(r, θ)rdθdr. (3.1)
The rate of change of L(d) with versus distance is
dL(d)
dd
=
ˆ 2pi
0
l(r, θ)dθ. (3.2)
To deﬁne M as described above, consider a distribution network with maximum distance from
substation, D, and total demand Ptot. Then,
M =
1
PtotD
ˆ D
0
ˆ 2pi
0
l(r, θ)rdθdr. (3.3)
As an example, consider a network in which loading at a given point varies with r according to
l(r, θ) =
K
1 +Ar
(3.4)
where K is a constant which deﬁnes the largest customer load at r = 0, and A deﬁnes the rate
that individual loads change with distance from the MSS. The metric then becomes:
M =
2piK
Ptot
[
1
A
− 1
DA2
ln (AD + 1)
]
(3.5)
It can be seen that with a reduction in A and an increase in K result in an increase in M .
Figure 3.2 shows a histogram of the real network data-sets classiﬁed according to this metric.
In qualitative terms, networks with a large M tend to be urban networks, a moderate M suggests
suburban or mixed networks, and a small M suggests a rural network. The metric can be veriﬁed
directly by considering the cities and towns for which these network data-sets represent and deter-
mining whether they are indeed rural, urban or mixed based on their geographical properties. In
most instances the metric was found to correspond well with these qualitative geographical proper-
ties. From this ﬁgure, it is also shown that the majority of networks being considered are not very
densely loaded, with relatively few dense urban distribution networks. In terms of the portion of
overall loading across all networks, the urban networks represent a greater portion.
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Figure 3.2.: Histogram of diﬀerent network types with metric along x-axis
Network Processing
The database of the real UK networks contains all 11kV distribution network data for the SPN
and LPN regions. The database was not provided in a standard format nor documented, as the
data was initially intended for use in a custom software package for network management studies
performed by the DNO itself. While the database did contain a great deal of useful information for
the simulation of these networks, it was necessary to determine the purpose of all data and ﬂags
present in the database before it could be utilized. After this was determined, the following data
was extracted:
• a node listing, with customer information (load, type, number of customers etc.)
• a branch listing, indicating connected nodes and feeder impedances, ratings, and physical
length
• which nodes are in which distribution networks
• the default state of switches in the networks
• transformer type, rating and paralleling
All of this information was determined based on customer type, peak loading, with the default
network switch states. The following parameters were assigned based on network operation as-
sumptions:
• the loading mix across the network at diﬀerent total loading conditions, i.e., determining the
dominant customer type at each node
• OLTC set-points for diﬀerent customer loading conditions
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Figure 3.3.: A selection of network topologies with the corresponding load sum vs distance metric
(M) shown
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In addition, processing of the network also included
• distributed generation placement and quantity assignment (discussed in Section 3.22)
• load quantity assignment for increased customer demand (discussed in Section 3.2)
• placement of power electronic compensation schemes (discussed in Section 3.3.3)
In summary, the processing tools were developed to extract the relevant information for each
distribution network and convert to a common format to be used with the software developed
for case studies. The primary steps in the processing sequence are the interpretation and parsing
of relevant information from the raw network data, removing redundant information to improve
solution time and ﬁnally determining operating points under various load and generation conditions.
An outline of the network processing algorithm is shown in Figure 3.4.
Find buses, feeders associated
with network and corresponding
length, rating, load data
Save Network N Data
Trim redundant connection points
to reduce node count
Associate branches, feeders with 
substation transformers
Find tap-range of each substation
transformer at each loading condition
to meet network constraints and 
calculate individual node loading
Assign node locations for SOP 
terminals according to placement
scheme
Assign DG installation locations
for each increment of DG according
to DG placement scheme
Process Network, N
Figure 3.4.: Flow chart for network processing algorithm
3.1.2. Network Modeling
A direct-solution approach is used to represent the distribution networks under study (both real
and generic). This formulation allows for the calculation of node voltages, load currents, and feeder
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(branch) currents. These quantities can be expressed as a function of loading, SOP (compensator)
operating values, and OLTC (slack bus) set points. This direct-solution approach complements the
load-ﬂow algorithm developed for the studies performed, which will be introduced in Section 3.5.
The matrices U, UL, UX, Y, YS, and YL deﬁned below are constructed based on nodal equa-
tions to represent the structure of a given network and the placement of the SOP. These matrices
are modiﬁed as appropriate to create variations of the network for a number of future scenarios
deemed plausible. Vectors~i, ~il, ~v are the branch currents, the load currents and the node voltages,
respectively. The scalar, vs, is the slack bus or OLTC voltage. vs can also be a vector for the case
of networks with multiple substation transformers. Vector x contains the decision variables for the
optimization procedure (discussed further in Section 3.5.2) which represents the currents at each
end of the SOPs installed in the system, e.g., a two-terminal SOP will have two decision variables.
~x is a vector containing the currents for each terminal of SOPs installed in the network.
The procedure for generating network model matrices is demonstrated using the example network
shown in Figure 3.5. Through extension of this example (by the addition of primary feeders), it is
possible to develop simple distribution network models for use with diﬀerent compensation schemes.
Variants of this simple example network will be used for some time-domain simulations however,
most of the optimal power ﬂow and time-series studies have been performed on realistic network
examples or from real network data.
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Figure 3.5.: Single line diagram of example distribution system
First, the nodal equations are given in matrix form:
0 = U~i+ UL~il + UX~x. (3.6)
Where,
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~i =

i1
i2
i3
i4
i5
 , ~il =

il1
il2
il3
il4
 , ~x =
[
x1
x2
]
,
with U,UL, and UX being connection matrices that deﬁne which currents enter and leave a
particular network node. For the example system,
U =

−1 1 0 1 0
0 −1 1 0 0
0 0 −1 0 0
0 0 0 −1 1
0 0 0 0 −1
 , UL =

0 0 0 0
1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 1
 , UX =

0 0
0 0
1 0
0 0
0 1
 .
Next, the branch currents are expressed as a function of node voltages:
~i = Y~v + YSvs, (3.7)
Where,
~v =

v1
v2
v3
v4
v5
 ,
with matrices Y and YS formulated to for calculation of the current and voltage across each
branch using line admittance data
Y =

−Y1 0 0 0 0
Y2 −Y2 0 0 0
0 Y3 −Y3 0 0
0 0 Y4 −Y4 0
0 0 0 Y5 −Y5
 , YS =

Y1
0
0
0
0
 .
Finally, the load currents are expressed as a function of the node voltages:
~il = YL~v. (3.8)
Where YL is formulated using load admittance values to calculate the load current,
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YL =

0 YL1 0 0 0
0 0 YL2 0 0
0 0 0 YL3 0
0 0 0 0 YL4
 .
By rearranging and substituting, the voltage and current can be found explicitly in terms of the
slack bus voltage and the SOP current,
~v = −(UY + ULYL)−1UYSvs − (UY + ULYL)−1UX~x (3.9)
~i = (−Y(UY + ULYL)−1UYS + YS)vs −Y(UY + ULYL)−1UX~x. (3.10)
Setting
O = −Y(UY + ULYL)−1UYS + YS
P = −Y(UY + ULYL)−1UX
M = −(UY + ULYL)−1UYS
N = −(UY + ULYL)−1UX
We have a ﬁnal direct-solution formulation for current and voltage,
~v = Mvs + N~x (3.11)
~i = Ovs + P~x (3.12)
3.1.3. Network Constraints
Some of the network studies performed involve the introduction of distributed generation and load
growth in existing networks, which make it necessary to ensure that voltage, thermal, and fault-
current limits are obeyed.
Network voltages are limited according to:
Vmin ≤ |~v| ≤ Vmax (3.13)
For the reasons discussed in Chapter 2, network voltages are limited to within ±3% of their
nominal values in the studies performed.
Thermal limits are considered in a similar manner for distribution network feeders. Thermal
limits for all distribution feeders were available along with the rest of the real UK network data.
~|i| ≤ Imax (3.14)
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Infrastructure Upgrades
In addition to considering the allowable DG or load growth before any infrastructure upgrades
must be applied, the number of infrastructure upgrades required to support these forms of growth
will also be considered in Sections 4.2.3 and 4.3.3. If a certain load or DG level is infeasible, even
with active compensation, feeder upgrades are applied until the compensator is able to bring the
network voltages and currents within their constraints. For the purposes of these studies, a feeder
upgrade consists of the addition of an additional feeder alongside a particular branch with the same
rating as an individual feeder, which emulates the eﬀect of paralleling branches. For example, a
feeder with a 200 A rating is upgraded once giving the branch an eﬀective 400 A rating. If the
same feeder is upgraded again, the total rating of the branch increases to 600 A. As the feeder
rating is increased, the net feeder impedance is also reduced and thus also the voltage drop when
loaded. Therefore, feeder upgrades can be applied to mitigate both thermal limit breaches and
voltage constraint violations.
Feeder upgrades are quantiﬁed in kA − km as their length and rating are considered to be the
predominant factors in cost. It is noted that the ﬁgures quoted are for a single phase, i.e., the
kA rating consists of the phase current of a single phase of the three phase set. The results were
presented in this form because it was presumed that costs would increase in the same proportions
with increased length and rating of a feeder, thus it does not add useful insight to multiply the kA
rating by 3 or 4 to represent the other feeder phases. Scaling by the kA rating was merely done to
ensure that the rating of the feeders is taken into account when selecting which feeders to upgrade.
This allows appropriate decisions to be made when faced with multiple feeder upgrade choices with
the same length.
Choosing which feeder or transformer to upgrade can be achieved in many diﬀerent ways depend-
ing on the upgrade algorithm decided upon. The algorithm used in these studies was developed
and tuned to reduce the total number of upgrades as much as possible. The chosen algorithm is
achieved in two stages: To begin, it is determined whether any thermal limits are breached. If so,
they are treated as an upgrade priority and the overloaded feeder with the lowest kA−km will have
its ampacity increased and impedance reduced. If the problem is still infeasible (with or without
active compensation), this process is repeated until no thermal limits are breached. Once thermal
limits are absent, stage two is to identify feeders with the largest voltage drop are upgraded one-
by-one until a solution is found. Upgrading feeders one-by-one is computationally ineﬃcient, but
ensures that unnecessary upgrades are avoided and therefore results in a better comparison between
compensation schemes. To simplify the upgrade procedure, transformer upgrades are considered
to be done in parallel, rather than the transformer being replaced with a unit of greater rating.
Some additional considerations are made to reduce upgrades due to growth in actively com-
pensated networks and reduce simulation time of uncompensated networks. Since uncompensated
networks cannot do anything to mitigate thermal limit breaches, computational time is saved by
upgrading all breached feeders in a single step. For actively compensated networks, the violating
feeders are upgraded one at a time until the compensator can help meet constraints. Where pos-
sible, feeders are selected for upgrade from segments of the network in which the compensator has
diﬃculty inﬂuencing power ﬂows. For upgrades due to voltage violations, actively compensated
networks have feeders upgraded which supply portions of the network that are not actively com-
pensated as a priority. If feeders to upgrade can not be found in uncompensated network segments,
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Figure 3.6.: Infrastructure upgrade procedure ﬂowchart
then compensated segments are tried.
The default OLTC setpoint is based upon its feasible operating range at diﬀerent loading con-
ditions, thus with feeder upgrades the range of possible OLTC setpoints is expanded. To account
for this change in possible OLTC set-points, the default OLTC setpoint is readjusted based on the
network operating assumptions to be described in Section 3.6.2.
The overall infrastructure upgrade procedure used for DG and load growth studies is outlined in
the ﬂowchart of Figure 3.6.
If network growth is considered to occur gradually over time, the use of active compensation can
be considered a method which allows the DNO to defer investment in feeder upgrades. Figure 3.7
shows the resulting feeder upgrade pattern with increasing DG penetration (given in a percentage
of peak loading). The results shown represent an average number of upgrades taken from multiple
iterations under diﬀerent DG placement schemes (placement schemes will be described in Section
3.22). As the percentage DG penetration increases, so does the quantity of line upgrades required.
The networks compensated with a B2B device are shown to require fewer line upgrades for a given
level of DG.
Here it can be seen that the total upgrades in kA − km for the network compensated with a
back-to-back SOP do not exceed those of the uncompensated networks throughout the range of DG
penetration. Abrupt increases in kA−km upgrades indicate an upgrade to a main feeder; doubling
the capacity of these feeders is more signiﬁcant than upgrading lower capacity feeders in terms of
the magnitude of the kA− km increment.
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Figure 3.7.: A comparison of line upgrades (in kA-km) required to reach a certain level of DG
penetration (in percentage of peak loading) for a selection of example networks
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Figure 3.8.: Histogram showing the distribution of transformers (in both quantity and MVA rating)
installed throughout UK distribution networks
3.1.4. Substation Transformers
While the location of primary substation transformers was available for the UK network datasets,
other information about the transformers was not. For this reason, it was necessary to match the
peak loading found for each transformer in the network to a table containing typical three-phase
power transformer data in [116]. This allowed for a more realistic representation of transformer
reactance, which is critical in determining line voltage proﬁles.
Figure 3.8 contains histograms showing the number of transformers per network as well as the
typical ratings of these transformers across networks. This data is useful when considering the
quantity and rating of transformer upgrades with increased customer demand.
3.2. Load Modeling and Types
Loads on a distribution system will have a varying degree of sensitivity to voltage. It is necessary
to consider this voltage dependence in order improve the accuracy of the network model and
load-ﬂow solution. Accurate representation of loads is important to this work, as many of the
studies presented consider operation near voltage and thermal limitations with increasing load and
generation growth. Failure to accurately model load-ﬂows in the network cause the results of the
studies to be less accurate in turn.
Rather than create non-linear functions for many types of loads, only two types will be considered:
constant impedance loads and constant power loads. The current of constant impedance loads will
increase and decrease in proportion to the voltage applied whereas the constant power load is
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inversely proportional. Constant impedance load current is also linearly proportional to the bus
voltage, while that of constant power loads are not. The load-ﬂow algorithm utilized in these
studies allows for these types of loads to be used in any combination, allowing for a greater degree
of accuracy in representing loads.
3.2.1. Customer Types
It is not practical, nor is there enough data available to model each of the hundreds of customer
loads connected to a bus, so the composition of aggregate loads is estimated using customer data
in order to establish a dominant customer type.
Three customer types are considered: commercial, residential and industrial. Industrial loads will
contain a higher percentage of constant power loads (controlled machine loads), while commercial
and residential loads can be considered predominantly constant impedance (lighting) [117]. The
constant power percentage also varies by season, i.e., commercial (and increasingly residential)
loads tend to be composed of a higher portion of constant power in the summer months due the
the absence of heating and lighting and prevalence of electronic loads [117]. The load-ﬂow algorithm
utilized, presented in Section 3.5, is formulated to allow for diﬀerent proportions of constant power
and constant impedance loads for these three customer types.
For all studies performed, commercial/residential loads were considered to have 50/50 constant
impedance/constant power proportions, and industrial/agricultural loads were considered to have
25/75 constant impedance/constant power. These ﬁgures are based on yearly averages [117]. It
can be argued that these proportions will change in time with diﬀerent forms of lighting and
controlled power electronic interfaces to an increasing quantity of typical devices, however this was
not considered in this thesis.
Load Proﬁles
In addition to possessing diﬀerent constant power and constant impedance proportions, diﬀerent
types of loads have diﬀerent patterns in output over time. The term, load proﬁle, will be used to
refer to the change in loading throughout a set period of time. For example, a daily load proﬁle
for a typical residential customer would peak in the evening and bottom-out throughout the night.
Considering these proﬁles is important when examining the eﬀect of power electronic compensation
on networks over time, e.g. determining loss reduction beneﬁts over the course of a year with and
without compensation.
The load proﬁles used for loss reduction assessment were obtained from the UKGDS data reposi-
tory, from which the generic network examples were also obtained. A sample set of load proﬁles for
a given year with the minimum and maximum envelope indicated (upper), as well as a week of data
in the winter months (lower) is shown in Figure 3.9. It can be seen from this ﬁgure that diﬀerent
customer types peak at diﬀerent times. This means that segments of a given distribution network
with predominantly industrial loading may peak or trough at a diﬀerent time than segments with
commercial loads. This disparity in loading conditions over time is another important reason for
properly modeling customer types when performing time-series studies. As discussed in Chapter 2,
the trough of the load proﬁles is of particular importance to allowed distributed generator capacity
as it represents the minimum loading condition, which is where the network has diﬃculty with
peaking DG output.
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Figure 3.9.: Load proﬁles for diﬀerent customer types
Determining Customer Type
Exact load composition cannot be determined with the data available, but a method was devised
for estimating the predominant customer type on a given bus in a distribution network. For a
small selection of real distribution networks, a year's worth of current and voltage measurements
from the primary substation were available. These measurements were used to calculate the total
loading versus time on that particular distribution network.
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If it is assumed that the ratio, peak nodal load# of customers , is indicative of the customer type, a threshold for
this value can be deﬁned for which loads can be classiﬁed, i.e., the dominant customer type can
be determined by checking with the peak nodal load# of customers ratio is above or below this threshold. This
threshold value will be referred to as the load threshold factor. It was used for this example, and
in processing real network datasets, for determining the dominant customer type.
Once a dominant customer type is assigned, a load proﬁle can be applied to each network node.
The load proﬁles are then summed to form a total load proﬁle at the primary substation, which can
then be compared with the historical loading conditions for the same network. The load-threshold
factor can then be adjusted in order to minimize the total error between these two values over time.
Figure 3.10 shows the results of this tuning process performed for a residential/commercial and
industrial split. When the load factor threshold parameter is set to 0, all loads are assumed to be of
the commercial/residential category. The error between measured, or actual, data was minimized
for a load factor threshold of 0.01 MW per customer, or 10 kW peak load per customer. The
commercial/residential loads can be further split by asserting that residential customers will rarely
exceed 4 kW per customer peak [117].
This method for determining customer type is used for deﬁning the constant power/constant
impedance mix in all networks as well as the load-proﬁle for time-series studies.
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Figure 3.10.: Load threshold tuning process illustrated
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3.3. Device Modeling, Types and Placement
By using a power electronic compensator to satisfy the constraints speciﬁed in Section 3.1.3, the
voltage-rise and overcurrent problems associated with DG installation are overcome. This section
will discuss with how these power electronic compensation devices are modeled and included in the
optimal power ﬂow solution.
3.3.1. Incorporation into Network Model
As discussed in Chapter 2, compensators which are potentially suitable to achieve of the charac-
teristic features of a SOP. Possible SOP devices include the back-to-back converter, multi-terminal
converters, static-synchronous series compensator, and series-shunt compensator (UPFC). This sec-
tion considers how these various compensation devices are incorporated into the network model.
Also included is the STATCOM, which is not intended as a substitute for a SOP, but is used for
comparison purposes throughout this thesis.
Compensators are modeled by simplifying their topologies into a network of controlled current
sources connected to network nodes, then specifying constraints on the current, voltage, and power
levels at that node. The constraints are deﬁned with the parameters speciﬁed in each corresponding
sub-section to follow.
Figure 3.11 shows the basic high-level topologies of the compensators being considered as well
as the equivalent current-source model for use in the network formulation. Each compensator type
is composed with an arrangement of VSCs of appropriate rating (Sv).
The following symbols are used in each section when discussing the device constraints:
• V b, IM : base l-n voltage and current on an 11kV, 10 MVA base
• Spu: per-unit rating on 10 MVA base
• k: device set index
• p: index of a VSC within a device
• nv: no. of VSCs
• Pk,p : active power output of device number k, VSC number p
• Vt : VSC terminal voltage
• Is: current between nodes
• Ish: shunt current
In all cases, all VSCs present in a given compensator are considered to be of identical rating in
order to simplify matters.
For the network formulation discussed in Section 3.1, the decision variable vector (x) will consist
of Is as well as Ish as appropriate. Descriptive symbols (Is, Ish) are used in this section rather than
referring to decision variables (x) directly so that constraints on series and shunt currents can more
easily be distinguished in the equations below.
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Figure 3.11.: Compensator types used for studies in this thesis equated with a set of shunt current
sources/sinks to model their operation. The arrangement of current sources indicates
how the devices are represented in the load-ﬂow solution. The current sourced or
sunk is constrained according to the limitations of each compensator type, and the
connected network.
Shunt (STATCOM) The shunt compensation device being considered is the static synchronous
compensator (STATCOM), which takes the form of a VSC connected in shunt with the medium-
voltage line.
The STATCOM is only exchanging reactive power with the network, and therefore cannot exercise
the same degree of control over power ﬂows compared to the other options, preventing the balancing
feeder currents.
Since the maximum terminal voltage is limited by the DC-link voltage level, the terminal voltage
is limited to 1.2 pu to model a realistic DC-link voltage level. The magnitude of the shunt current
is also limited, and the active power of the device is constrained to zero since it is a reactive-power
compensation only device. Since there is one VSC per device, the pair number is limited to 1.
P1,1 = 0
...
Pk,1 = 0
Ish ≤ SpuIM
Vt ≤ 1.2Vb
(3.15)
Back-to-Back (B2B) The device modeling constraints for back-to-back compensators limit the
voltage of each VSC and the current according to the speciﬁed percentage rating, and also ensure
a power balance between the two VSCs. For k back-to-back SOPs in a given network:
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2∑
p=1
P1,p = 0
...
2∑
p=1
Pk,p = 0
Is ≤ SpuIM
Vt ≤ 1.2Vb
(3.16)
Multi-Terminal (MT) Similar to the back-to-back device type, the muli-terminal device ensures
a power balance between all VSCs while also limiting output currents and terminal voltages.
nv∑
p=1
P1,p = 0
Is ≤ SpuIM
Vt ≤ 1.2Vb
(3.17)
Series (SSSC) The series current constraints are not proportional to the rating, but are limited
according to the series transformer turns-ratio. The series and series-shunt compensators could
potentially be capable of inducing a larger current, or power ﬂow, in series than the rating of the
converters themselves and thus the per-unit rating of the VSCs are multiplied by the turns-ratio.
Again the pair number is limited to 1 since there is only 1 VSC per device. For most studies
performed, the series voltages and currents are constrained according to the series transformer
turns-ratio (10:1).
P1,1 = 0
...
Pk,1 = 0
Is ≤ 10Spu
Vt ≤ 0.1Vb
(3.18)
Series-Shunt (UPFC) As with the SSSC, the series injected voltage, and therefore the device
output voltage, is limited according to the series transformer turns-ratio. The shunt current is also
limited to a percentage of the Rmax rated current, IM , making the rating of both series and shunt
converters equivalent. Again the series transformer utilizes a turns-ratio of (10:1). Note that a a 1:1
ratio is assumed for the shunt converter of the UPFC, and therefore the shunt converter terminal
voltage is limited to 1.2 pu as with the STATCOM.
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Back-to-Back with Energy Storage Element
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Figure 3.12.: Energy storage element in parallel with DC bus of back-to-back type SOP
P1,1 = P1,2
...
Pk,1 = Pk,2
Ish ≤ SpuIM
Is ≤ 10Spu
Vt ≤ 0.1Vb
(3.19)
3.3.2. Representation of Energy Storage
An energy storage element can be considered as a battery (or other device) in parallel with the DC
bus which acts as a source of active power. An example of this for the back-to-back compensator
type is shown in Figure 3.12, which can be extended to the other compensator topologies shown in
Figure 3.11.
Energy storage elements are modeled as additional sources of active power in the power balance
constraint equations given in Section 3.3.1. SOP k is supplemented with a active power Pk,s. The
absolute value of Pk,s is constrained according to the limitations on the energy storage output
power Ss, as described in Section A.2. A method for quantifying energy storage levels required to
meet certain performance requirements is presented in Section 4.7.1. Since this quantiﬁcation is of
relevance to that section only, the method has not been presented in this chapter.
The power balance portions of Equations 3.15 to 3.19 are changed to the following:
Shunt (STATCOM)
P1,p + P1,s = 0
|P1,s| ≤ Ss
...
Pk,p + Pk,s = 0
|Pk,s| ≤ Ss
(3.20)
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Back-to-Back (B2B)  2∑
p=1
P1,p
+ P1,s = 0
|P1,s| ≤ Ss
... 2∑
p=1
Pk,p
+ Pk,s = 0
|Pk,s| ≤ Ss
(3.21)
Multi-Terminal (MT)  N∑
p=1
P1,p
+ Ps = 0
|Ps| ≤ Ss
(3.22)
Series (SSSC)
P1,1 + P1,s = 0
|P1,s| ≤ Ss
...
Pk,1 + Pk,s = 0
|Pk,s| ≤ Ss
(3.23)
Series-Shunt (UPFC)
P1,1 − P1,2 + P1,s = 0
|P1,s| ≤ Ss
...
Pk,1 − Pk,2 + Pk,s = 0
|Pk,s| ≤ Ss
(3.24)
3.3.3. Device Placement and Ratings
A method for choosing a suitable location for the compensators has been developed. The method
considers geographical distance, control over node voltages, branch currents, and also attempts to
maximize the amount of load that could be restored via the compensator link should a segment
of the network become isolated. The method should not be considered as optimal but rather as
best-guess for optimal placement based on the unique load, geographical and feeder characteristics
of a given network. The placement routine is summarized as follows:
1. Each distribution network under study is broken into segments according to primary source
feeders. Source feeders follow a level-hierarchy, starting with the substation transformers
and branching outwards. Branching outward through the hierarchy, the number of supply
feeders increases and therefore so does the number of network segments supplied by those
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feeders. This procedure is iterated until the network is segmented according to the number of
device placements required, i.e., two back-to-back compensators would require the network
to be grouped into four segments for placement. With the exception of STATCOM-type
compensators, two or more segments must be selected for each compensator. This procedure
identiﬁes network segments which do not have a stiﬀ grid connection with one another. Doing
so ensures that both SOP terminals (connected across two diﬀerent segments) will not be
exposed to the same electrical disturbances
2. From the segments found in step 1, the number of required segments are chosen according
to the amount of customer load that would be restored via the compensator link should the
supply feeder for that segment be lost. This gives the compensator the greatest beneﬁt for
resupply in post-fault situations, but does not necessarily aid with voltage control or current
balancing. From these selected segments, pairings are made according to the geographical
distance between the segments, as well as suitability for resupply so as to reduce the necessity
for large amounts of new cable installation
3. The nodes within a segment are ranked according to the voltage drop along the path from
the bulk supply point, or slack bus, to the node at the peak loading condition. This factor
suggests the susceptibility of this node and its surrounding loads to voltage ﬂuctuation with
increased loading or generator output. This will generally be at feeder endpoints, which also
allows for the maximum resupply beneﬁt when considering post-fault restoration. Weighting
is also given to the rating of the connected feeders, so as to avoid installing compensators in
segments of the network which cannot support the rated output current of the compensator
The placement routine is further clariﬁed by the ﬂowchart in Figure 3.13, and visualized for one of
the real UK network datasets in Figure 3.14. In the example of Figure 3.14, the balanced weighting
scheme was used and therefore segments are chosen for compensation based on quantity of load
instead of geographical distance, hence the need for supporting cable installations which traverse
the network.
The following device placement weighting schemes have been considered for the studies presented
in this thesis (the legend for referring to placement types in the presented results is also provided
in parenthesis):
• Placement which minimizes the geographical distance between VSC installations while still
considering the segments with the largest customer load (Ge)
• Placement which maximizes the number of customers that will be beneﬁted by post-fault
support if a section of the network is isolated due to fault (Em)
• Placement on the weakest bus in terms of grid coupling, i.e., lowest voltage at peak load and
high voltage at minimum load (Vm)
• A balanced combination of the above (Ba)
• Placement which maximizes the capability curve of the series compensator types (for the
reasons speciﬁed in Chapter 2) (Se)
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Figure 3.13.: Flow chart outlining device placement procedure
The Ge scheme will not select nodes for installation that are within a certain distance from the
primary substation (50% of the distance to the furthest node), thus preserving some post-fault
resupply beneﬁt. The primary reductions in feeder installation length from Ge placement are
achieved through the selection of adjacent network segments wherever possible, as opposed to
basing installations on the electrical properties of the network.
The Se placement scheme takes the same factors into account as the Ba scheme but instead of
heavily weighting nodes with the lowest voltage for installation, two nodes are selected from two
diﬀerent segments that have a large diﬀerence in voltage at peak loading (with the network solved
without any generator output). This results in improved SSSC performance, as will be shown in
Section A.1.4.
It should also be noted that device placement is considered for all devices at once rather than
an incremental compensator placement, i.e., when placing 5 compensators the best choice for those
5 compensators is used, as opposed to ﬁnding the best place for the ﬁrst, then the second, etc.
This introduces the possibility that performance can be reduced with increasing nv however for the
vast majority of networks tested, performance was increased with nv in all scenarios. For the small
number of cases in which decrements in performance with increasing nv are observed, the results
are neglected when summarizing results. It was reasoned that these poor placement decisions would
not be made in practice and therefore should not inﬂuence the quantiﬁcation of beneﬁts.
The device placement is further clariﬁed by the ﬂowchart shown in Figure 3.13.
The segmentation of the networks under study also gives some insight into the choice of rating for
the converters used in the various compensator types. Figure 3.15 shows a histogram showing the
peak loading that a compensator capable of post-fault resupply would have to provide in the worst
case scenario. This worst-case scenario includes the load connected to the nodes in the segment
associated with each compensator terminal, as well as the sharing of loads between segments of the
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Figure 3.14.: Placement procedure shown on an example network. This particular network contains
four primary feeders branching from the substation, allowing for separation into four
weakly-connected segments without meshing.
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Figure 3.15.: Histogram showing peak load per segment for diﬀerent degrees of segmentation
network that are supplied by more than one VSC. As the number of compensators increases with
segmentation of the network so does the requirements for post-fault resupply. The probability of
requiring rating for resupply of more than 1 MW, 5 MW or 10 MW is also shown in the ﬁgure.
A 10 MVA compensator will cover most networks for a low nv, while only 5 MVA is required for
most cases beyond nv = 6.
These statistics oﬀer the justiﬁcation for the use of 10 MVA-rated converters in compensators, as
this converter size would provide post-fault support for the greatest number of networks. A beneﬁt
of the use of series compensators is also seen, as this compensator type would allow for 10 MW
power ﬂow using 1 MVA VSCs, as discussed in Chapter 2.
3.3.4. Deployment Schemes
Two diﬀerent compensator deployment schemes are considered: uniform deployment and incre-
mental deployment. Uniform deployment refers to a particular compensation scheme (quantity
and rating of devices) applied to all network datasets with the resulting performance summarized
by the statistical mean and variance of the performance results.
Incremental deployment involves the entire set of networks under study being considered for the
installation of a new compensator. At each step, a decision is made on which network to install a
new compensator or add to an existing set of compensators. The number of compensators can be
incremented by one or more for single VSC based compensators such as the STATCOM, SSSC, and
MULTI-TERMINAL or by multiples of two for paired compensators such as the BACK-TO-BACK
and UPFC. The upper limit on the VSCs per network, nv, is set at 10 as this is the largest number
of devices considered for all studies.
The upgrade options available to each network data set at each incremental deployment step are
shown in Figure 3.16. At each incremental deployment iteration, a list is compiled consisting of the
marginal performance beneﬁts in each network for each of the decisions available, e.g. at the ﬁrst
incremental deployment step for STATCOMs there are 7 options per network and 599 networks or
for the BACK-to-BACK there are 5 options per network across 599 networks. The option which
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results in the greatest marginal beneﬁt per VSC is selected in order to maximize the beneﬁt-cost
ratio. The process is repeated again until the desired total number of devices, Nv, is reached. At
each step, the total generation, G, or loading L is recorded. Alternative upgrade paths, allowing
for upgrades between compensator types, can also be considered.
nv=1 nv=2 nv=3 nv=4 nv=6 nv=8 nv=10
nv=3 nv=4 nv=6 nv=8 nv=10
nv=2 nv=4 nv=6 nv=8 nv=10
BACK-TO-BACK / UPFC
MULTI-TERMINAL
STATCOM / SSSC
nv=0
nv=0
nv=0
Figure 3.16.: Incremental deployment procedure for diﬀerent compensator types
3.4. Generator Modeling, Types and Placement
Several studies performed for this thesis consider the presence of distributed generation and its
eﬀects on network operation.
Generators have been modeled as constant power sources with unity power factor outputs and
power levels varied according to the distributed generator type. While these generator models are
simplistic, they allow the eﬀect of their presence to be studied.
3.4.1. Generation Types
Of greater interest for the study of the eﬀects of DG on distribution networks are those of intermit-
tent types; speciﬁcally, photovoltaics and wind. Some typical normalized generator output proﬁles
obtained from the UKGDS repository are shown in Figure 3.17.
These proﬁles are used for studies performed over time which include a generation mix, the
results of which are presented in Chapter 4.
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Figure 3.17.: Normalized distributed generator proﬁles for intermittent distributed generation for
a sample portion of the year (bottom) and the envelope showing maximum and min-
imum levels throughout the year (top)
Photovoltaic Generation Forecasting
While the generator output proﬁles shown in Figure 3.17 provide a good estimate of the total energy
produced by the PV for many of the studies performed, for some studies it is necessary to take into
account the variations in PV with a smaller time step. The studies performed in Section 4.7 make
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use of the PV data acquired with a reduced sample period as well as the forecasting procedure to
be described to model diﬀerences in expected demand from a network versus actual demand due
to PV variations.
Historical data from a weather monitoring station situated at Imperial College, London is utilized
to provide a PV output proﬁle for a given year (based on a solar insolation reading and typical
photovoltaic panel eﬃciencies), which will be referred to as the simulation year. For historical
data recorded across the 3 years prior to this simulation year, data from each day is considered
along with other variables to provide a unique set of measurements for each day. This weather
station was set to log several other atmospheric conditions alongside insolation. Days are further
characterized by the following preconditions: rainfall; average wind speed and ﬂuctuation; average
atmospheric pressure and trend; and sunrise and sunset times for that particular time of year. Pre-
conditions are considered as weather conditions which occur in a given day before sunrise. These
characterizations are normalized and weighted, with the highest weighting assigned to sunrise and
sunset times. Like-combinations of these measurements are assigned to groups, e.g. those days with
sunrise times between 5 AM and 6 AM where it has been raining all night and the atmospheric
pressure is trending upward would form a group. For each group of like-preconditions, a generator
output proﬁle is set as the the mean of daily historically measured output proﬁles for days within
that group.
As simulations are performed each day throughout the simulation year, these precondition groups
are compared with the weather preconditions for a day encountered in the simulation year (simula-
tion day) and a PV output proﬁle is assigned based on which group the simulation day is assigned.
Figure 3.18 shows an insolation forecast versus the measured insolation for a sample two-day pe-
riod within the simulation year. This forecasting method is compared with a zero-mean, 20%
error, prediction routine, which has been included for comparison with the rudimentary prediction
method.
For any prediction method there will be an associated level of error between the day-ahead
demand prediction utilized by the supply-side and the actual demand. If no local energy storage
exists, this error represents power that must be sourced at the transmission level. The primary
intent of including energy storage for the studies of Section 4.7 will not be to limit this error, but
rather to limit the rate at which the error changes and thus the speed at which the supply-side
must respond to unanticipated demand. Figure 3.19 shows the RMS sum of the prediction error
for the described rudimentary prediction approach as well as the 20% error band approach.
Note that the intention is not to provide a robust method for day-ahead insolation pattern
prediction, but to indicate what is possible with an oﬀ-the-shelf weather monitoring station. The
primary assumption is that, for large penetrations of PV, network operators and other actors
involved will be doing something to predict PV output, and increasing forecast accuracy will only
serve to reduce the hardware requirements calculated in this section. This rudimentary prediction
method will be used to calculate the predicted net demand, i.e., the sum of generation and loading,
during time-series simulations using the measured insolation data. This rudimentary prediction
method was used for all simulations performed to provide the results presented in Section 4.7.
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Figure 3.18.: Actual insolation patterns versus predicted patterns (based on weather pre-conditions)
for a two-day period
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Figure 3.19.: RMS of demand/generation prediction error according to prediction method
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Figure 3.20.: Maximum DG penetration and loading condition (both as a percentage of peak load)
for an uncompensated generic network (Rural 2). Figure shows how allowable DG
penetration varies with respect to loading condition
3.4.2. Variation of DG Capacity with Loading Condition
As mentioned in Chapter 2, the worst case scenario for accommodating DG occurs when the load
is at its minimum level, and DG output is at its highest level. While this condition is used to
determine the maximum DG penetration that a network can accommodate, the actual DG output
that can be supported before violating constraints will vary according to loading conditions.
Figure 3.20 illustrates this phenomena by considering load proﬁle variations for a single day
(lower line). In general, the DG penetration a given network can accommodate tends to increase
with increasing load, and as described the worst case is observed at minimum load. The upper line
in Figure 3.20 indicates the DG output that can be supported coinciding with these varying load
conditions. Maximum DG penetration tends to increase with increased loading due to a reduction
in the voltage rise eﬀect, and due to the fact that power supplied by generators does not traverse
then network to the bulk supply point, but rather supplies the customer directly, i.e., greater
portion of power generated by DGs is absorbed by local loads.
3.4.3. Distributed Generation Growth and Placement Schemes
Maximum DG penetration will also vary according to how it is distributed throughout a given net-
work. For this reason, diﬀerent DG placement schemes are considered. The schemes are illustrated
in Figure 3.21 and described as follows:
• Clustered Placement - large amounts of DG are installed in areas of low load density,
which tend to be towards the end points of feeders, i.e., large installations initiated by DG
developers
• Uniform Placement - DG is incremented uniformly throughout all network nodes regardless
of location, i.e., large aggregate quantities of smaller DG installations
• Mixed Placement - a combination of the clustered and scattered placement schemes
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Figure 3.21.: Diﬀerent DG placement schemes illustrated using one of the networks under study
To realize these schemes, DG quantities at each node are incremented throughout a given network,
with the magnitude of increment at each node weighted according to the placement scheme. DG
increment quantities are biased towards areas of low load density for the clustered placement
scheme, while a more neutral bias for the random placement scheme. A ﬂowchart showing this
placement process is depicted in Figure 3.22. At each iteration the load density is calculated along
with the density of accumulated generation installations at all nodes in the network. Accounting
for accumulation of generation ensures that any one bus in the network in the area of smallest load
density will not grow indeﬁnitely.
After the load and generator density is calculated, values are ranked and normalized. The
proportion of a DG increment assigned to a particular node is done so according to the trend
functions shown in Figure 3.23. To provide several test scenarios for a given DG placement scheme,
buses are selected randomly at each DG increment with a bias according to the trend functions
shown in the ﬁgure. For example, in the clustered placement scheme nodes with low load density
are selected at random, in the mixed placement scheme all nodes are considered but those with low
node density receive a greater proportion of DG.
As there is a degree of randomness involved with all placement schemes, several of passes of
the DG placement procedure are considered for each network, with the resulting performance with
compensation given as a mean value for each network. This methodology is also known as a Monte
Carlo approach, and is used often to estimate results based on non-deterministic data, i.e., making
assumptions about how and where DG will be added in future. Monte Carlo simulations do not
limit the possibilities for measuring performance, but will have very high computational demands
due to the repetitive nature of this process. Figure 3.24 shows a histogram indicating the probability
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Figure 3.24.: Resulting distribution of maximum DG penetration results for a compensated and
uncompensated network with mean and standard deviation shown
distribution of results for an example DG penetration test using the Monte Carlo approach. While
the mean resulting performance ﬁgures (g and l) are used to determine results (after considering
all DG placement passes), it can also be reasoned that with the eﬀects of proper network planning
would prevent large amounts of generation from being installed in problem locations and therefore
shift the results upward. This was not modeled in the work presented but should be considered
when interpreting results, i.e., with proper planning considerations modeled, resulting performance
ﬁgures could be increased.
3.5. Load Flow Algorithm and Optimal Power Flow
This section considers the use of a load-ﬂow algorithm in conjunction with a standard optimization
routine to form an alternative method of performing optimal power ﬂow studies with the presence
of active compensation. The intention of this section is not to suggest that a conventional OPF
strategy has not or cannot be improved-upon, but rather to justify the use of the proposed algorithm
versus the most based conventional OPF formulation.
In comparison with the conventional OPF algorithm: the number of decision variables can be
reduced, convergence is obtained in a greater number of cases, more detailed load modeling can be
achieved, and the constraints speciﬁc to the power ﬂow with active compensation are taken into
account.
3.5.1. Proposed Load Flow Algorithm
A load ﬂow algorithm was developed which allows for representation of loads as partially constant
impedance and partially constant power as well has representing constant power generation. Unlike
most iterative load-ﬂow techniques which vary voltages at each iteration, this technique varies load
impedance values according to errors in the calculated load power at each step.
This technique takes the following steps:
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• Step 1 - Generate initial estimate for impedance of constant power loads based on speciﬁed
load power at a voltage of 1.0 pu (or other initial condition)
• Step 2 - Calculate system currents, voltages and power delivery to load for prevailing loading
conditions
• Step 3 - Find error (as percentages of desired load power) between power calculated in
Step 2 and speciﬁed load power expressed as a vector of ratios for each node. If error
is within speciﬁed tolerance, terminate procedure using the present set of load impedance
values, otherwise proceed to Step 4
• Step 4 - Divide load impedance values by error ratio vector to obtain a modiﬁed set of load
impedance values. Loop back to Step 2
The technique is found to converge quickly (generally within 5 iterations) to an acceptable tolerance
for all data sets tested. The speed of this load ﬂow technique is further improved by utilizing sparse
matrix multiplication techniques.
Algorithm Example
Using the example system in Figure 3.5 and associated matrices, an example of this load ﬂow
technique will be given. First, some values are assigned (in per-unit):
vs = 1.05, ~Y =

Y1
Y2
Y3
Y4
Y5
 =

10 + j9
5 + j4
15 + j12
12 + j10
3 + j3
 ~SL =

SL1
SL2
SL3
SL4
 =

0.1 + j0.02
0.2 + j0.05
0.15 + j0.03
0.05 + j0.01
 ,
~x =
[
0
0
]
, tolerance = 1e− 6
Step 1 (k=0) It is assumed that the loads are to be represented as 25% constant impedance
and 75% constant power. For a bus voltage of 1.0 pu, the load admittances are simply the complex
conjugate of the apparent power. The initial load impedance values and fractions of load power are
~Y CIL = (1− ρ)~SL =

0.0250− j0.0050
0.0500− j0.0125
0.0375− j0.0075
0.0125− j0.0025
 , ~SCIL =

0.0250 + j0.0050
0.0500 + j0.0125
0.0375 + j0.0075
0.0125 + j0.0025

~Y CPL0 =

Y CPL01
Y CPL02
Y CPL03
Y CPL04
 = ρ~SL =

0.0750− j0.0150
0.1500− j0.0375
0.1125− j0.0225
0.0375− j0.0075
 , ~Sref =

Sref1
Sref2
Sref3
Sref4
 = ρ~SL =

0.0750 + j0.0150
0.1500 + j0.0375
0.1125 + j0.0225
0.0375 + j0.0075

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where ρ = 0.75 is the fraction of the load to be represented as constant power, ~Y CPL0 ,
~SCIL are
the admittance and power of the constant impedance portion of the load, and ~Y CPL0 ,
~Sref are the
initial admittance and desired power of the constant power portion of the load.
Step 2 (k=0) Using (3.11), the initial bus voltages, v0, and initial constant power load power,
S0, are:
v0 =

1.0280 + j0.0073
1.0015 + j0.0366
0.9875 + j0.0523
0.9788 + j0.0617
0.9767 + j0.0643
 , S0 =

S01
S02
S03
S04
 =

0.0753 + j0.0151
0.1467 + j0.0367
0.1082 + j0.0216
0.0359 + j0.0072
 .
Step 3 (k=0) The error is calculated as follows
~ =

1
2
3
4
 =

||S01||−||Sref1||
||Sref1||
||S02||−||Sref2||
||Sref2||
||S03||−||Sref3||
||Sref3||
||S04||−||Sref4||
||Sref4||
 (3.25)
The initial error vector is calculated using (3.25) as:
~ =

0.0044
−0.0222
−0.0381
−0.0420
 ,
n∑
1
2i = 0.0037
which is greater than the termination tolerance, tol = 1e− 6, therefore the algorithm continues.
Step 4 (k=0) The constant power portion of the load impedance values are adjusted as follows:
~Y CPL1 =

Y CPL11
Y CPL12
Y CPL13
Y CPL14
 =

Y CPL01
1+1
Y CPL02
1+2
Y CPL03
1+3
Y CPL04
1+4
 =

0.0747− j0.0149
0.1534− j0.0383
0.1170− j0.0234
0.0391− j0.0078
 .
The total load impedance is updated,
~YL1 = ~Y
CP
L1 + ~Y
CI
L .
Step 2 (k=1) Matrix YL ,M and N are reformulated to account for ~YL1. Bus voltages and load
power are calculated using the updated matrices
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v1 =

1.0275 + j0.0074
1.0006 + j0.0372
0.9862 + j0.0532
0.9773 + j0.0629
0.9751 + j0.0655
 , S1 =

S11
S12
S13
S14
 =

0.0749 + j0.0150
0.1496 + j0.0374
0.1122 + j0.0224
0.0374 + j0.0075
 .
Step 3 (k=1) The new error is calculated as:
~ =

−0.0018
−0.0025
−0.0030
−0.0031
 ,
n∑
1
2i = 2.8e− 5
which still exceeds the tolerance.
Step 4 (k=1) The impedance correction is applied again,
~Y CPL2 =

Y CPL21
Y CPL22
Y CPL23
Y CPL24
 =

Y CPL11
1+1
Y CPL12
1+2
Y CPL13
1+3
Y CPL14
1+4
 =

0.0748− j0.0150
0.1538− j0.0384
0.1173− j0.0235
0.0393− j0.0079
 .
Step 2 (k=2) YL ,M and N are updated accordingly resulting in
v2 =

1.0275 + j0.0074
1.0005 + j0.0373
0.9861 + j0.0533
0.9771 + j0.0630
0.9749 + j0.0656
 , ~S2 =

S11
S12
S13
S14
 =

0.0750 + j0.0150
0.1500 + j0.0375
0.1125 + j0.0225
0.0375 + j0.0075
 ≈ ~Sref .
Step 3 (k=2) We now have
n∑
1
2i = 2.6e − 7 which is within the speciﬁed tolerance, and
~S2 ≈ ~Sref .
Comparison With Newton-Rhaphson Method
Table 3.1 is intended to oﬀer a comparison of the proposed load ﬂow method with the Newton-
Rhaphson (NR) method [100].
The results are for systems in which all loads are modeled as 100% constant power, i.e., PQ
buses in the standard NR formulation, and the slack bus as a reference node. The results do not
take into account diﬀerences in the way initial conditions are chosen for each method. In addition,
the Jacobian construction for the Newton-Rhaphson method could be further optimized to reduce
computational time. Both methods utilized the same error function, which was set as the sum of
the squares of error in delivered load power at a particular solution step.
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Tolerance 1e-4 1e-6 1e-8 1e-10
Algorithm Proposed Newton Proposed Newton Proposed Newton Proposed Newton
# iter/runtime k t k t k t k t k t k t k t k t
Rural 1 1 0.12 3 0.28 3 0.19 4 0.22 5 0.25 4 0.28 7 0.30 5 0.27
Rural 2 1 0.09 3 0.29 3 0.13 3 0.29 5 0.18 4 0.24 7 0.21 4 0.27
Urban 1 1 0.13 3 0.34 3 0.20 4 0.32 5 0.27 4 0.34 7 0.34 5 0.30
Mixed 1 1 0.12 3 0.24 3 0.16 3 0.33 5 0.19 4 0.27 6 0.22 4 0.32
Mixed 2 2 0.02 3 0.22 4 0.02 4 0.21 6 0.03 4 0.17 8 0.03 4 0.15
Mixed 3 2 0.15 3 0.34 4 0.22 4 0.34 6 0.27 4 0.28 7 0.29 4 0.30
Mixed 4 2 0.09 3 0.28 4 0.10 3 0.26 5 0.12 4 0.27 7 0.17 4 0.26
Table 3.1.: Comparison of load ﬂow iterations/runtime for proposed algorithm versus Newton-based
algorithm
For all results, solutions converged to the same ﬁnal value, accounting for error tolerance, with
both methods. The intention of the comparison was to establish the proposed method as an
alternative which allows for mixed constant power/constant impedance modeling rather than to
prove it is quicker than established methods. However, the proposed method tends to result in a
lower total run time in most cases. The number of iterations was observed to be lower than with the
Newton-Rhaphson method for high error tolerances, but increased at a slightly greater rate than
the Newton method with decreasing tolerance. Blank table entries indicate a failure to converge; a
phenomenon which was only observed when using the Newton-Raphson method for the scenarios
tested.
Note that the fast decoupled method [102] is not considered in the comparison because it has
poor convergence results for systems with low X/R ratios, which is a property of most distribution
network feeders (in contrast to transmission network feeders). For the network models considered
the fast-decoupled method failed to converge at several loading conditions. For this reason, it was
left out of the comparison.
Limitations of the Proposed Load-Flow Method
The primary drawback to the proposed load ﬂow method is the requirement for network voltages
to be in p.u. with voltages which solve near to 1.0 p.u. For networks with voltages which should
converge outside the approximate range of 0.7 and 1.3 pu (based on empirical results), the proposed
load ﬂow solution will fail to converge.
This limitation prevents the proposed method from being able to solve networks exposed to fault
conditions, where the voltage should converge towards zero in some portions of a network. In order
to handle these scenarios, a constant-impedance direct solution can be performed using Equations
3.11 and 3.12, which gives a reasonable approximation of fault currents. The direct solution is used
for the reliability studies discussed in Chapter 4 which involves loss of supply to portions of a given
network.
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3.5.2. Optimization Problem Formulation
The problem of optimizing power ﬂows within a distribution network under study is expanded from
a general non-linear problem formulation, as in Equation 3.26:
minimize f(x) such that
c(x˜) ≤ 0ceq(x˜) = 0 (3.26)
.
Where f(x) is a scalar function commonly referred to as the cost function or objective function
and is typically formulated to meet a ﬁnancial objective or operating goal. c(x˜) and ceq(x˜) are
vector functions representing the equality and inequality constraints associated with the problem.
The elements of x˜ are often referred to as the decision variables. Since we are utilizing power elec-
tronic compensators to attempt to optimize network power ﬂows, the decision variables represent
operating quantities of these compensators. Speciﬁcally, they will represent the series and shunt
currents source or sinked by the compensators depending on the device being considered as a SOP
which have been described in Section 3.3.
As the constraints used to model the network loads, generators and power electronic devices are
non-linear, simple linear programming (LP) and quadratic programming (QP) techniques cannot
be utilized unless part or all of the problem is linearized. To solve this optimization problem in
its full non-linear form, a sequential quadratic programming (SQP) method is can be used. SQP
involves the conversion of a non-linear problem to a quadratic-programming sub-problem at each
iteration (with linear constraints) from which a search direction can be deduced [118].
The use of SQP removes the need for linearly approximating constraints, which is especially
important for determining the eﬀect of power electronic compensation on a network [96]. It is
also be possible to linearize the constraints to allow the creation of a QP or LP problem, however
the increased solution accuracy gained from using a non-linear model was considered important,
especially for modeling power electronic device constraints.
It is recognized that the optimization problem is not formulated as an optimal power ﬂow (OPF)
problem in the traditional sense; that is, an optimization problem with the load ﬂow is performed
in junction with an optimization procedure by incorporating load-ﬂow into the problem constraints.
Variants to conventional OPF methods exist that allow for the accommodation of unique constraints
(such as those involved with power electronic compensation devices) [106], however they have not
been used in this thesis.
Constraints
The constraints imposed on the optimization problem are taken from those presented in the network,
load, generator and device modeling sections of this chapter.
Objectives
Formulation of the optimization objectives used in this thesis will be presented in this section.
While the objective function is often formulated to minimize costs in ﬁnancial terms, much of the
resulting beneﬁts of active compensation consider techno-economic factors instead. The objective
function will therefore be used to achieve other operating goals in the studies performed, such as
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minimization of losses. Further economic beneﬁts brought about by increased ﬂexibility due to
the presence of SOPs in a given network, or by the facilitation of increased distributed generation
penetration are more diﬃcult to estimate, but should also be considered if formulating a ﬁnancial
cost minimization function as part of future work.
Network Loss Minimization The objective function for loss minimization is
floss(x) =~i
HR~i, (3.27)
where R is a diagonal matrix with elements containing the resistances of the feeders in the
network. For the example system of Figure 3.5, we have:
R =

R1 0 0 0 0
0 R2 0 0 0
0 0 R3 0 0
0 0 0 R4 0
0 0 0 0 R5
 .
This formula can be rewritten in terms of the decision variables. Substituting from 3.12, a quadratic
objective function is formed:
floss(x) = ~x
HPHRP~x+ 2vsRe
{
OTRPx˜
}
+ OHRO|vs|2. (3.28)
If constraints were to be linearized, the loss minimization function could be used in a simpler
QP formulation.
Converter Loss Minimization The objective function for losses taking place in the power
electronic equipment comprising each SOP is
fpe(x) = ~x
HE~v (3.29)
where E is a matrix constructed to account for the individual eﬃciencies of the SOPs and to
select appropriate bus voltage for multiplication. For the example network of Figure 3.5, we have:
E =
[
0 0 (1− η1) 0 0
0 0 0 0 0
]
,
where η1represents the eﬃciency of both conducting VSCs involved in the single SOP unit of the
example system. Equation 3.29 is essentially multiplying the power of each VSC by 1-η1 in order
to estimate the losses of the VSCs associated with the SOP. Typical converter eﬃciencies for the
VSC topologies considered are given in Chapter 2.
Substituting 3.11:
fpe(x) = ~x
HEN~x+ vsM
TET~x (3.30)
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It is assumed that the losses in the SOP grid interface ﬁlter are negligible for this calculation and
that the total MVA is close to the total MW of the SOP. Regardless of these assumptions, including
this as a weighted part of the objective will attempt to ensure that the SOP is not used if its
internal losses exceed the network loss reductions brought about by minimizing floss. Including SOP
losses in the optimization problem formulation will also highlight the beneﬁts of power electronic
compensator device types that possess higher eﬃciencies, such as multi-level converters.
Constraint Satisfaction Only By setting the objective function to zero, the OPF will merely
attempt to converge to a feasible point within the constraint space, eﬀectively serving to search
for the presence of a feasible solution. This method is useful using the proposed iterative load-ﬂow
solution in conjunction with an optimization algorithm as part of the OPF procedure, as x can no
longer be expressed directly as a function of input parameters (Vs), but instead requires multiple
iterations to solve and account for non-linear, or constant power, loads. Using an optimization
algorithm to search for the presence of a feasible point is useful, as an initial non-feasible condition
can be provided, and the algorithm will tend to move towards the feasible region even if given an
infeasible initial condition. For the case of the active-set SQP algorithm utilized, the feasibility of
the initial QP subproblem is determined immediately by solving an additional linear-programming
(LP) problem based on the QP subproblem parameters [97].
If only linear load and generators were considered, it would be possible to test the solution space
from the list of constraint equations posed in the device, network, and load modeling sections.
However, no simple test for checking for a non-empty constraint space based on a list of non-linear
constraint equations was found in the literature searched. It was decided not to attempt a direct
analytical determination of problem feasibility using the non-linear constraints, but to instead run
the OPF with a zero cost function and check the outcome.
3.5.3. OPF with the Proposed Load-Flow Algorithm
Unlike conventional optimal power ﬂow problem formulations, the proposed combined use of SQP
with the presented load ﬂow algorithm requires multiple load-ﬂow solution steps for each itera-
tion of the optimization algorithm. This increased complexity over conventional OPF would ﬁrst
appear to be disadvantageous; however this section will show that that proposed combination of
load-ﬂow algorithm with SQP based non-linear optimization results in signiﬁcantly improved com-
putation time versus a conventional OPF. In addition, the convergence properties of the proposed
combination-method are much improved when utilizing active-set or interior-point algorithms. This
was observed through exposure of diﬀerent OPF strategies to conditions required by the tests dis-
cussed in Chapter 4.
The active-set method is chosen rather than an interior point method because it has desirable
convergence properties and is more forgiving in regards to the initial condition selection. In addition,
the active-set method implementation in MATLAB sequentially executes the objective function
and non-linear constraint function, allowing a load-ﬂow solution to be performed in the objective
function and the results used to determine the constraints. This results in a reduction in overall
runtime as the load ﬂow is only performed a single time at each optimization step.
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3.5.3.1. Comparison with Conventional Optimal Power Flow Methods
To further justify the use of the proposed OPF strategy, a direct comparison has been made with
a conventional OPF formulation under a variety of conditions relevant to the studies performed
for this thesis. The conventional OPF was realized with an existing open-source software package,
MATPOWER [119], which allows OPF problems to be realized and optimization algorithms to be
chosen. The large scale SQP active-set algorithm was chosen to directly compare with the active-
set method employed in the proposed OPF strategy. Performance of the two strategies is mainly
compared through consideration of these conditions on both the real and generic UK network
datasets.
Conventional OPF strategies have been formulated for small-scale problems encountered in the
optimization of power ﬂows of a transmission network and therefore are observed to perform poorly
when dealing with networks with a large number of nodes. The primary reason for this is that, in a
conventional OPF formulation, all node voltages become decision variables and therefore the scale
of the problem becomes larger with an increased number of nodes. The proposed OPF method
retains the same number of decision variables (for a given compensation scheme) regardless of the
network size.
It is emphasized that the comparison is made on a purely empirical basis, i.e., testing the two
strategies in their ability to perform the required function for the tests done in this thesis. The
conventional and proposed algorithms have been given the same initial conditions, OLTC set-points,
and load information in order to expose the algorithms to the same conditions. Further study is
required to provide a rigorous explanation as to why the conventional OPF strategy performs poorly
in the scenarios tested.
Ability to Converge In this test, the ability of the OPF to converge to a local minimum, or to
simply meet constraints, using one or more back-to-back compensators is tested. The results are
shown in Figure 3.25.
For both the conventional and proposed OPF strategies, the initial conditions for node voltages
and feeder currents are provided by the results of the direct solution equations of (Equations 3.11
and 3.12). The initial conditions of the decision variables (compensator currents) are set to zero.
Solution tolerances are set to the same values for both OPF strategies.
In attempting to achieve loss minimization while ignoring voltage constraints, the proposed
method is shown to converge to a local minimum in nearly twice as many cases. When voltage
constraints are added, the conventional OPF fails to converge in an even greater number of cases.
Finally, adding generation to the network and thereby causing the initial voltage solution to violate
constraints causes even fewer cases to converge with the conventional OPF.
These results suggest that, if using the conventional OPF to test for the presence of a non-empty
constraint space, a large portion of false-negatives would be generated making this procedure less
useful for the tests performed. This is part of the justiﬁcation for utilizing the proposed OPF
strategy.
Cases taking greater than 10 minutes to converge were discarded as they were considered to not
be useful for the purposes of the tests done in this thesis. The results presented in Figure 3.25
factor in the cases in which the algorithm was taking too long to converge (approximately 10% of
the failures can be attributed to this). It is possible that some of these cases, given time, would
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eventually converge.
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Figure 3.25.: Percentage of cases converged compared for diﬀerent OPF objectives
Quality of Convergence All cases that successfully converge imply that some local minimum
has been reached. In this test, the ability to converge to a minimum network loss point is tested in
order to gauge and compare the quality of results from the two strategies. Figure 3.26 shows the
results of the testing for the loss minimization objective, with the performance measured by the
amount of loss reduction the compensator provides (a higher value indicating better performance).
It is noted that the objective functions for loss minimization between the two methods are given
diﬀerently. The loss minimization objective for the proposed method is given by Equation 3.27,
in which the losses are calculated explicitly from the branch currents and feeder resistance values.
The conventional OPF objective formulated to minimize the total power delivered by the slack bus,
Vs, while still supplying the necessary power to customers and meeting constraints. This is how
loss minimization is typically performed in OPF studies [96]. The conventional OPF formulation
did not allow for extraction of feeder currents and therefore a similar objective to that of Equation
3.27 could not be used. Based on this, the diﬀerences observed should be attributed to both the
OPF method and the objective function utilized.
In Figure 3.26 the results for the proposed OPF are ranked in order from smallest to largest,
and the solution found for the same network with the conventional OPF is given the same index
in the sorted set. Sorting the results in this fashion allows them to be more easily compared. It is
observed that for a single compensator, both the conventional and proposed OPF perform similarly.
Once additional compensators are added, the conventional OPF strategy is observed to reduce in
performance compared with the proposed method in nearly all networks tested.
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Figure 3.26.: Graphical representation comparing ability of the proposed and conventional OPF
strategies to converge to a local minimum with the red dots showing the loss decrease
with the proposed OPF and the blue dots showing the loss decrease for the conven-
tional OPF (each point in the x-axis represents a tested network). Each subplot shows
the results for a diﬀerent number of compensators.
Convergence Time Another metric by which to compare the two strategies is the time taken
to converge, which is dependent on the number of nodes in a given network. It is also of interest
to consider the number of overall iterations performed, as well as the number of SQP steps, i.e.,
how many times a QP sub-problem needs to be generated. Figures 3.27 and 3.28 show the results
of these tests. A curve ﬁtting procedure is performed on the time results in order to show the
trends. The scatter plots for a network using a single compensator have been shown for both the
conventional and proposed methods.
The time to converge for the proposed method is observed to be on the order of 10 to 100 times
smaller than the conventional method depending on the size of the network (note the log scale) and
number of compensators. This translates to a much smaller computation time when performing the
testing procedures described in Section 3.6. The number of objective function evaluations and QP
sub-problem generations required for the conventional OPF is substantially smaller than that of the
proposed method. Despite the increased number of function evaluations and SQP iterations, the
proposed method has a much smaller overall run time. As previously mentioned, the conventional
OPF method requires decision variables for each node making the time required to generate the
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QP sub-problem scale with the size of the network, which suggests a reason why that for small
networks the overall convergence time becomes comparable.
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3.5.3.2. Accelerating the Proposed OPF Strategy
In this subsection, various techniques used to reduce the overall computation time are considered.
The eﬀect of these acceleration techniques (assuming a load minimization objective) on overall
optimization time are presented in Figure 3.29. In this Figure, it is observed that enabling all of
the acceleration techniques described below results in the lowest overall runtime for all network
sizes considered. The trends are continued for larger network sizes but not presented in order to
show more detail in regards to the crossover points of diﬀerent scenarios.
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Figure 3.29.: Eﬀect of various techniques used to speed up the proposed OPF solution time
Sparse Matrix Methods Many of the direct solution matrices described in Section 3.1 can be
considered sparse, so it follows that the use of sparse matrix methods can be of beneﬁt. While the
use of sparse-matrix methods and data representations has some associated overhead time, runtime
is observed to be decrease for networks with greater than 60 nodes, as seen in Figure 3.29. The
red and blue lines in this ﬁgure indicate the eﬀect of sparse matrix method utilization, with the
diﬀerences in run-time increasing along with the number of nodes in a network.
Solution Tolerance Threshold The problem formulation allows load impedance values solved
for in previous runs to serve as approximations for small changes to the system, the load ﬂow
does not have to be performed if the previous load ﬂow solution results, Y CPLk , solve via the direct
solution method to give an error lower than a speciﬁed tolerance. During an optimization routine in
which insigniﬁcant changes in the decision variables are made in subsequent iterations or function
evaluations, this results in a lower overall run-time by removing the requirement for a multiple-
iteration load ﬂow solution as well as the need to perform an inversion or Gaussian elimination
on the direct solution matrices. Comparing the tolerance enabled/disabled lines of Figure 3.29
(magenta and black) indicate a reduction in run-time for all network sizes.
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Setting Initial Condition for Load Flow Solution The IC Enabled/Disabled option refers
to the retention of Y CPLk for use in subsequent optimization steps (objective function evaluations)
in order to reduce the total number of load-ﬂow iterations performed at each optimization step.
3.6. Testing Procedures
This section describes the tests performed to quantify the beneﬁts of diﬀerent compensation
schemes. The tests considered are:
• Determining the eﬀect of compensation in reducing network losses through optimization of
power ﬂows.
• Quantifying the level of DG penetration a network can accommodate without compensation
and with various compensator types and quantities.
• Determining how much of an increase in demand a network can accommodate without com-
pensation and with various compensator types and quantities.
• Discovering the degree to which active compensation can reduce the use of OLTCs in distri-
bution networks.
• Establishing reliability ﬁgures and post-fault power quality.
• Using energy storage to reduce the rate of change of large aggregate quantities of intermittent
generation.
Establishing the increase of demand or generation that can be achieved requires the development
of an algorithm that will be described in Section 1.7.1. The other tests were more straightforward
and will be described when the results are presented in Chapter 4.
Unless otherwise mentioned, the tests are performed on the 599 UK network datasets introduced
in Section 3.1.1.
3.6.1. Demand and Generation Increase Testing
A ﬂowchart for the overall procedure for testing a network for the accommodation of increased
generation or customer demand is shown in Figure 3.30. A given network, N , contains several
datasets with variations of DG and device placement to cover the scenarios considered in Chapter
4.
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Figure 3.30.: Block diagram showing testing procedure for determining maximum generation and
loading in a given network, with and without the presence of active compensation
The method of representing networks and obtaining the load-ﬂow solution follows from that
presented in Sections 3.5 and 3.1. This is a direct-solution approach in which the node voltages
and branch currents are expressed as an explicit function of compensator currents and OLTC
voltage set points. As previously described, the resulting solution is equivalent to that given by
the Newton-Raphson method or other load-ﬂow solution method.
In determining a level of allowable DG or loading, the network (voltage and thermal) limits and
device constraints given in Section 3.3.1 deﬁne a solution space with compensator output currents
serving as decision variables. A certain level of DG penetration or loading is considered feasible if
the solution space is non-empty, i.e., the compensators installed can provide output which cause
all network and device constraints to be met.
If the maximum test levels for a particular study are reached, then the DG or load levels are no
longer incremented and the test is complete. Without maximum test levels, the DG and load levels
would continue to increase indeﬁnitely with infrastructure upgrades.
3.6.2. Network Operation Assumptions and OLTC Operation
The use of OLTCs in conjunction with active-compensation can have a signiﬁcant eﬀect on results,
especially for networks which operate more closely to their voltage limits than thermal limits. For
this reason, some assumptions have to be made and these depend on the test being performed.
It is assumed that the active-AVC scheme which incorporates all power electronic compensators
will utilize some form of communication system in order to provide power set points to the compen-
sators for optimal power ﬂow or for mitigation of over- voltages and currents. If the AVC system is
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utilizing some form of state estimation, having participating active units throughout the network
also increases the number of measurement points and therefore the accuracy of the state estimation
[80]. It is also possible to install measurements only on suspected problem nodes or feeders within
a given network to maximize the eﬀectiveness of the state estimation procedure.
UK distribution networks perform their automatic voltage control (AVC) functions at the main
(33kV/11kV) substation (MSS) via an on-load tap changer (OLTC), occasionally with additional
voltage control applied by switched banks of capacitors or reactors. While it is important to keep
in mind operational diﬀerences between the AVC schemes used in UK distribution networks and
those used elsewhere, most regions still rely on OLTCs and therefore do not provide the relatively
fast response associated with power-electronic compensation. Thus, the use of OLTCs was not
considered in all testing scenarios.
It is noted that the variable impedance associated with the small change in turns-ratios due to
a change in tap position was not modeled in the studies performed. An account of the eﬀects of
variable impedance modeling can be found in [120].
Distributed Generation Testing AVC schemes in distribution networks have traditionally
been designed under the assumption of uni-directional power ﬂows. For this reason, some present
operating schemes may be incompatible with the introduction of DG. It is also important to note
that many types of DG can vary their output between almost zero and full power rapidly, more
so than ﬂuctuations in aggregate customer demand. Traditional OLTC voltage control may be
inadequate for this reason and therefore it will not be considered to operate in conjunction with
active compensation unless otherwise speciﬁed.
A voltage set-point must be chosen for the OLTC. It will be assumed in this study that the AVC
scheme adjusts the tap set-point according to the loading condition while assuming zero DG output.
This assumption represents a worst case regardless of whether the OLTC tap is set according to
demand schedule or measurement feedback, as the rise in generator output is not anticipated and
the response from a feedback based control would be comparatively slow. For most networks, there
are several viable tap positions at each loading condition which allow network voltage constraints
to be met. Good practice suggests choosing a set-point that minimizes the number of tap-change
operations required to span all loading conditions [83]. To ﬁnd this point, the set-point range at
minimum loading is compared with the set-point range at peak loading and the point closest to the
intersection of these two sets is chosen. The resulting OLTC position is used for DG integration
studies where OLTC tap change operations are not permitted in most of the studies performed.
Customer Demand Increase Testing Increases in load are considered diﬀerently than in-
creased peak generator output. It is assumed that, due to diversity of loading and a priori knowl-
edge, that the AVC scheme based on mechanical tap-changers can cope with voltage excursions
due to increased loading. This is a logical consideration, as OLTCs presently operate to deal with
changing customer demand, so it follows that increases in peak loading would permit OLTC use. In
this test the tap set points utilized in the network are permitted some adjustment for the increased
load level, making voltage excursions less of an issue than they were for increased distributed gen-
eration. The main issue with increased loading, however, will be the thermal limits on feeders.
Thus, for all customer demand tests the OLTCs are considered to be active..
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To coordinate with the compensators installed in a network, OLTCs are operated to either satisfy
all constraints, or come as close to satisfying voltage constraints as possible. If the constraints still
fail to be met, the power electronic devices in the network are used to provide further compensation.
Reliability Testing Reliability testing is performed at peak loading with no generation installed.
A range of tap set points exist that are used for these tests based on network pre-processing results
(described in Section 3.1.1).
Tap Change Reduction and Coordination The tap change reduction and coordination tests
involve searching allowable tap set points under diﬀerent operating conditions, and therefore in-
herently include the use of OLTCs in substation transformers.
3.7. Conclusions
This chapter has described in detail the modeling techniques used for many of the studies presented
in subsequent chapters. This includes the modeling of compensation devices, loads, and generators
along with the placement of these components throughout the networks under study. In addition, a
load-ﬂow algorithm and optimal power-ﬂow technique have been both demonstrated and had their
performance benchmarked against alternative methods.
Chapter 4 will present the results of the studies which have made use of the modeling, load-ﬂow,
and optimization techniques presented in this chapter.
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4. Beneﬁts to Distribution Networks
The previous chapter has presented the methodology for testing the use of power electronics within
distribution networks. In this chapter, the beneﬁts discovered through these tests will be presented.
The use of SOPs and other forms of active compensation will be shown to oﬀer beneﬁts in the form
of:
• A reduction in network conduction losses with the optimal routing of power.
• Increased ability to accommodate new distributed generation installations.
• The ability to accommodate an increased level of customer demand.
• A reduction in lost revenue in a curtailment scenario.
• Reduction or deferral of the upgrading of existing infrastructure.
• Improvement in reliability and power quality to the customer.
• Reduction in intermittency of photovoltaic installations through coordination with energy
storage elements.
Through study of the generic (UKGDS) networks as well as the real UK network datasets, the
beneﬁts in each of the above categories will be quantiﬁed and correlated with the network type.
Results will serve to compare diﬀerent device options for SOP implementation in addition to STAT-
COMs and traditional voltage control with OLTCs. The eﬀect of increasing the quantity of devices
and the MVA rating of each device will be presented in order to compare further details of the
options for SOP implementation. The intent of this section is to guide planning and device design
decisions for the implementation of active compensation schemes (type, quantity, and rating) by
showing which scheme is suitable in which scenario.
4.1. Interpretation of Results
While distribution networks tend to follow similar design principles, the characteristics of each net-
work vary widely with the electrical, geographical and social environment and it is to be expected
that the amount of load or generation growth that can be accommodated, along with other per-
formance measures, will have a large variance (σ2) when sampled across many network examples.
Unless otherwise speciﬁed, the results for studies done on the real UK distribution network data
are presented as a sample mean, denoted by a bar, i.e., g¯ for the mean of the generation allowance
across all networks studied under the uniform device deployment scheme discussed in Section 3.3.4.
Where appropriate, the incremental deployment scheme, which refers to adding compensators
one-by-one to the region encompassing all networks under study, will be used to compare the
performance of compensation schemes.
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Studies done on generic UKGDS networks will have results presented separately for each network,
unless otherwise speciﬁed.
4.1.1. Probability Distribution of Results
While the studies are intended to be non-parametric in the statistical sense, it is useful to know how
the samples are distributed when interpreting the mean (µ) and variance (σ2) ﬁgures presented.
Figure 4.1 shows a histogram of the marginal increase in DG, ∆g, aﬀorded by a selection of the
compensation schemes being considered. The histogram suggests a skewed probability distribution.
The gamma distribution was chosen for ﬁtting as it was able to most closely ﬁt the largest number
of scenarios. The gamma distribution can also account for zero-valued samples, whereas a similarly
shaped distribution like log-normal cannot. A trimmed mean (µ) was used as the measure of central
tendency along with the variance σ2 when presenting results. Closed-form expressions relating µ
and σ2 to shape parameters α and β for the gamma distribution allow the parametric probability
distribution to be reconstructed based on the non-parametric sample mean and variance results
presented. Reconstruction of the gamma distribution using these shape parameters is well docu-
mented in most probability and statistics texts. The relationships between the shape parameters
of the gamma distribution and the sample mean and variance are given as:
α =
µ2
σ
(4.1)
β =
σ
µ
(4.2)
By presenting results as a mean, the total beneﬁt across all networks can also be calculated, e.g.
G = N · ∆¯g. In most cases, both the variance and mean rise with an increased SV and nV . Despite
this increase in variance, the variance to mean ratio tends to lower with increased device rating,
SV , and quantity, nV as will be shown in the presented results.
4.2. Distributed Generation Accommodation
As discussed in Chapter 2, distribution network growth could potentially contain large aggregate
amounts of intermittent, peaking distributed generation (DG) as well as a possible increase in peak
loading [10]. These increases can cause diﬃculties with network voltage regulation as well as for
keeping feeders and transformers within their thermal limits. While increases in DG levels can al-
ways be accommodated with infrastructure upgrades, it is also possible to use active compensation.
Distribution network topologies vary widely, and for unregulated and unplanned generation and
load growth, it is diﬃcult to decide on a suitable compensation scheme. This study considers a
large number of UK distribution systems and uses descriptive statistical representations to gauge
and compare beneﬁts of each type of compensator. This allows for some quantiﬁcation of beneﬁts
in terms of the level (MW or percent) of additional growth they allow a network to accommodate.
In addition to comparing types of compensators, this study also aims to compare the rating
and quantity of each type of compensator, e.g. how do several 1 MVA back-to-back compensators
compare with a single 10 MVA compensator; what is the marginal beneﬁt of increasing the rating
of converters from 5 MVA to 10 MVA.
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Figure 4.1.: Histogram with scaled and ﬁtted probability (gamma) distribution of 4g for a a selec-
tion of compensation schemes. This ﬁgure indicates the probability distribution shape
for the mean and variance values presented in subsequent ﬁgures.
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Figure 4.2.: Allowable DG in an uncompensated network correlated with the classiﬁcation metric
deﬁned in Chapter 3. The scatter plot shows g for individual networks.
It is re-emphasized that the results here consider the change in DG penetration allowance with
SOP introduction given that the infrastructure is untouched, i.e., how much DG can be supported
without requiring any transformer or feeder upgrades due to over-voltages or feeder thermal limits.
The eﬀects of allowing infrastructure upgrades will be explored later in Section 4.2.3.
4.2.1. Variation of Results with Network Type
One of the initial motivations for the study of a large number of networks, was to be able to
quantify DG penetration allowances according to network type as described in Section 3.2. The
metric, M , deﬁned in Section 3.1.1 is utilized to partition the networks into subsets to add further
insight to the mean and variance values to be presented in subsequent sections. This section will
show how the allowable DG penetration (g) and incremental penetration that results from SOP
use (∆g) correlate with this metric. The results are shown on a log-log scale so that correlation
at lower metric values can be observed. Though omitted from this section, plotting this data on a
linear-scale more clearly shows the strong correlation between g and M .
Uncompensated Networks Figure 4.2 shows the uncompensated generation, g, versus M for
the diﬀerent DG placement scenarios (uniform, mixed, and clustered). To visualize how results are
distributed, the scatter plot shows g for the 599 individual networks with mixed DG placement.
The sample population is divided into three roughly equal subsets, with each corresponding to a
particular network type (rural, mixed and urban) and the mean value of that subset is taken. This
division reduces the sensitivity to outliers and ensures that mean values are taken for similarly
sized sub-populations when forming a trend-line.
It is observed that urban networks tend to be able to support larger quantities of DG (larger g),
but with a greater variance than mixed or rural networks. It can also be seen that clustered DG
placement allows for the lowest levels of DG and uniform placement the highest. This is largely
because, for the same g, clustered placement increases power ﬂow through a small number of feeder
paths whereas power ﬂows in the uniform placement scheme are spread amongst many circuits.
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Figure 4.3.: Sensitivity of various compensation schemes to network classiﬁcation metric, showing
whether or not the performance of the compensator can be closely correlated with the
network type. The scatter plot shows ∆g for individual networks
Compensated Networks
Correlation of M with the incremental beneﬁt, ∆g, (observed in Figure 4.3) is found to be
low and in some cases, negative. In other words, the level of beneﬁt provided by a compensator
is not aﬀected signiﬁcantly by the network type. This ﬁnding is important because beneﬁts of
compensation can be generalized across all networks, thereby reducing the number of cases for
comparison of devices. The exception to this is found with the SSSC, which is more sensitive to
network type, as described in Chapter 2, and is shown to perform better in urban networks. The
STATCOM is also observed to have a negative correlation with the network type for clustered
placement when a large number of compensators are used.
The slopes of the mean values of each subset are used to describe the sensitivity of ∆g to variations
in M . Table 4.1 shows the resulting sensitivity for various compensation schemes. The trend lines
as well as scatter plots for a selection of compensation schemes are also presented graphically in
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Table 4.1.: Sensitivity of results to network type (classiﬁcation metric M) for an additional set of
compensation schemes
Figure 4.3. Again it is observed that the STATCOM results vary negatively with M , suggesting
that this device is slightly more suited to rural networks. ∆g of the SSSC varies positively with M
to a large degree, suggesting that SSSCs will beneﬁt urban networks more so. Other compensators
do not appear to have a notable trend. The sensitivity to M also tends to increase slightly with
SV and nV in most cases, as does the overall magnitude of ∆g. Figure 4.3 also indicates that the
trends are similar across the various DG placement schemes.
Since the resulting incremental beneﬁts of active compensation (∆g) have a low correlation
with network type as well as a reduced variance (as a percentage of the mean value) than the
uncompensated results (g), it is reasonable to present the results as a mean across all networks
rather than classify by network type. This reduces the quantity of results presented, i.e., ∆g
will not vary signiﬁcantly with M so there is little purpose to presenting results in this chapter
separately for rural, urban and mixed networks. The total generation (g+ ∆g), however, will vary
with network type in accordance with Figure 4.2 The results should also be interpreted correctly
for the noted exceptions (STATCOM and SSSC). Results for these exceptions can be scaled using
the sensitivity to M presented in this sub-section as a guide.
4.2.2. Uniform Deployment of Active Compensation
The resulting mean incremental DG penetration allowances, ∆¯g, are summarized in Figure 4.4.
Note that the results for the SSSC are limited to those for Sv = 1 MVA as SSSC creates very little
incremental beneﬁt for increasing the rating of the converters. This is because the rating of the
converters is determined by the maximum magnitude of series injected voltage, which remains lower
than 10% of base rated voltage in most cases. The following trends in compensator performance
can be observed from Figure 4.4:
• Increasing SV from 1 MVA to 5 MVA has a much greater eﬀect than increasing the ratings
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from 5 MVA to 10 MVA, an indication of diminishing returns with regards to compensator
device rating.
• For most compensator types, the marginal beneﬁt of increasing nV is lowered with rising nV ,
i.e., ∆g∆nv ∼ 1nv .
• UPFCs and SSSCs with low SV perform better than back-to-back converters of equivalent
Sv.
• The multi-terminal option performs best in most cases for Sv > 1 MVA.
UPFCs and SSSCs perform better than the B2B at low rating primarily due to the fact that the
series element can exchange more power than the converter rating, which is not the case for the
B2B and MT compensators.
The SSSC has the advantage of requiring only a single VSC to interconnect two network areas,
resulting in more widespread compensation given the same quantity of VSCs, i.e., for 10 VSCs,
20 areas could be compensated. By comparison, the 10 VSCs could be used to form 5 UPFC
devices which only provide compensation to 10 network areas. For this reason, the SSSC performs
relatively well despite having a smaller capability curve than the other compensator types. It is
also reminded that that SSSC beneﬁts are sensitive to network type and placement (see Section
4.1), with larger DG penetrations achieved in urban networks. SSSC performance can therefore be
exploited by choosing an appropriate network for installation and siting to maximize power ﬂow
capability. The results vary with the DG placement scenario in accordance with Figures 4.2 and
4.3.
Figure 4.4 also indicates the percent variance (∼ σg ) averaged amongst compensator types. The
percentage variance is shown to lower with increased nv, while remaining insensitive to compensator
rating. It is noted that the variance of the STATCOM and SSSC is included in these averages, and
is higher than that of the other compensator types as seen in Section 4.1).
Table 4.2 shows results from direct comparison between pairs of diﬀerent compensation schemes.
This table gives a probability as to whether one compensator will outperform another based on
individual competitions performed across the sample population. The STATCOM and SSSC are
shown to be fairly evenly matched, while the UPFC frequently outperforms the SSSC despite the
SSSC providing more widespread compensation for a given nV . The UPFC at 1 MVA will tend to
outperform a 1 MVA back-to-back compensator, but at 5 MVA their performance is similar.
Section A.1.1 shows the results of the same study performed with the combined use of active
compensation and OLTC usage, in which the overall DG accommodation is increased but marginal
beneﬁts observed for compensation with STATCOMs are reduced. Results from a study of the
uniform deployment of multi-terminal compensators with integrated energy storage are presented
in Section A.2.1.
4.2.3. Feeder Upgrades with Generation Growth
As discussed in Section 3.1.3, an increased level of DG capacity in a given network can be realized
through network infrastructure upgrades. This section quantiﬁes the level to which feeder upgrade
allowances increase the level of allowable DG penetration. In addition, the incremental beneﬁt
provided with compensation is aﬀected by allowing infrastructure upgrades and the relationship is
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Figure 4.4.: A summary (statistical mean) of the resulting incremental increases in DG penetration
(∆g¯) for various device conﬁgurations (compensator type and nv, Sv). Each instance
of ∆g¯ has an associated statistical variance with similar trends observed for all com-
pensator types, summarized in the lower ﬁgure.
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P (A > B) /P (A < B)
A vs B SV nv = 1 nv = 2 nv = 4 nv = 6
STATCOM vs SSSC 1 0.31/0.39 0.47/0.40 0.48/0.47 0.44/0.53
SSSC vs UPFC 1 - 0.25/0.58 0.26/0.68 0.27/0.70
UPFC vs B2B 1 - 0.35/0.18 0.53/0.23 0.66/0.24
UPFC vs B2B 5 - 0.05/0.08 0.18/0.15 0.25/0.29
MT vs B2B 10 - - 0.44/0.02 0.63/0.02
Table 4.2.: Competition table showing the probability that a given compensator type A will out-
perform compensator type B (and vice versa) for tests done on across a sample set of
distribution networks
explored. Substation transformers are considered part of the infrastructure that can be replaced to
increase DG capacity, however this section has been limited to presenting feeder upgrade results.
During the study, transformer upgrades were performed as necessary when the DG capacity was
incremented, as described in the procedure of Section 3.6. This section considers the uniform device
deployment scheme when determining results.
Figure 4.5 shows the resulting marginal (∆g) and uncompensated (g) DG penetration allowances
for the (nv = 10, Sv = 1 MVA), (nv = 10, Sv = 10 MVA) and (nv = 4, Sv = 1 MVA) cases
with compensators installed of varying type. The nv = 10 and nv = 4 cases have been chosen
for presentation because all compensator types can be compared at this level of nv, however the
conclusions drawn from this study are applicable to all nv. It is noted that the sample population,
N , has been reduced slightly to eliminate those networks in which the DG levels reached with 10
kA-km of line upgrades exceed the testing limits (2000% DG penetration), i.e., the test procedure
saturated at the testing limits. This ensures that each data-point of Figure 4.5 is calculated from
the same sample population, and results are not skewed due to saturation of some of the individual
network studies at these limits. Raising the testing limits and including these results would serve
to increase the magnitude of this trend line; however the number of networks excluded versus the
total was considered too insigniﬁcant to warrant increasing the testing limits.
One interesting observation is that the SSSC performance at Sv = 1 MVA begins to eclipse that
of the UPFC above u = 7.5 kA-km. This is consistent with the results presented in Section 4.2.1,
in that the SSSC begins to perform better in urban networks, which in turn tend to contain feeders
of higher rating and lower impedance. The suggestion is that feeder upgrades begin to cause a
network to behave like an urban network in response to active compensation.
In general, it can be seen that at Sv = 1 MVA the rate of change
d(∆g)
du is lower than that of
Sv = 10 MVA which supports the use of compensators of higher rating. It is also observed that at
Sv = 10 MVA, the increase with upgrade allowance is greater for compensators which allow active
power ﬂow between feeders, whereas the beneﬁt due to the STATCOM does not rise as sharply.
In all cases, the results of Figure 4.5 show that the eﬀect of infrastructure upgrades is ampliﬁed
versus an uncompensated network, i.e., ∆g ∝ u. It is also observed that the beneﬁt of compensation
increases more rapidly with increasing upgrades, i.e., d(∆g)du ∝u. These two observations counter
the notion that the two options (active compensation versus infrastructure upgrades) are mutually
exclusive solutions for the increase in DG penetration allowances, and in most cases infrastructure
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Figure 4.5.: Mean marginal (∆¯g) and uncompensated (g¯) DG penetration allowance results with
increased tolerance for line upgrades in the sample networks. Figure intended to show
how the potential incremental beneﬁts of compensation are aﬀected by upgrading pas-
sive infrastructure in addition to implementing the compensation schemes themselves
upgrades will increase the beneﬁt provided by the active compensation scheme.
Results from the same study considering energy storage integration are given in the appendix of
this thesis, Section A.2.1.
The above considered how g varies across networks for a ﬁxed u. Now, the installation of a ﬁxed
quantity of DG, g, in every network with feeders upgraded as needed in order to support that ﬁxed
quantity of generation will be considered. It is observed that for a desired DG capacity level, g,
in a given network, the use of active compensation can decrease the level of upgrades required, u.
If g is considered to grow over time, this reduction in u can be considered as a deferral of feeder
upgrades.
The results for three ﬁxed quantities of DG with diﬀerent placement schemes considered is shown
in Figure 4.6. The results indicate that the relative beneﬁts of each compensator type only begin to
vary signiﬁcantly at larger values of g. At g = 20 MW, the relative performance trends are similar
to that of Figure 4.4 for all DG placement scenarios.
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Figure 4.6.: Mean change in required network infrastructure upgrades due to compensation (∆¯u)
for ﬁxed levels of DG (g = 5 MW, g = 10 MW, g = 20 MW) installed in the sample
networks
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Figure 4.7.: Eﬀect of allowing unrestricted DG installations versus placing a cap on the line up-
grades
As the disparity in performance only begins to show above certain generation levels, there is
some justiﬁcation to considering the installation of less costly forms of active compensation, i.e.,
STATCOMs and SSSCs, then later upgrading to B2B/MT or UPFCs as generation increases.
Closer inspection of Figures 4.6 and 4.5 reveals that the data points (g, u) and (u, g) are incon-
sistent. The reason for this is that the two tests performed (ﬁxing u while measuring g across and
ﬁxing g while measuring u across the sample population) are considerably diﬀerent test scenarios.
In the former study, u is ﬁxed (or given an upper-limit) at u0 and the maximum DG in a given
network (at u = u0) is considered. In the latter study, every network is forced to accommodate a
ﬁxed g = g0, requiring the DNO to upgrade the network as needed so as not to limit DG growth.
The results show that putting an upper limit on u is a more eﬃcient use of upgrades to improve
the total installed generation across all networks (G = Ng¯). This is primarily due to the fact that
putting a cap on u discourages DG installations in networks that are inherently poor at accom-
modating DG. Figure 4.7 shows the diﬀerences between the two scenarios for an uncompensated
network. The results indicate that a signiﬁcant increase in infrastructure upgrades is required if
restrictions are to be lifted on DG growth in networks which are poor at accommodating DG.
4.2.4. Incremental Deployment of Active Compensation
Another scenario under which to compare compensator types is the incremental deployment of
compensators across all networks; that is, at each increment, choose a network to install a new
or additional compensator that will maximize total generation, G. Further description of the
incremental compensator deployment scheme was provided in Section 3.3.4. Figure 4.8 shows the
results from this study.
The upper plot of Figure 4.8 shows the resulting ∆G versus NV with incremental deployment.
Also shown in Figure 4.8 for comparison is the data-point resulting from uniform deployment, with
four 5 MVA VSCs in multi-terminal conﬁguration (marked by 'x') and four 1 MVA compensators
in paired UPFC conﬁguration (marked by '*') installed in every network. The results indicate that
strategically placing active compensation in the networks can result in a greater overall beneﬁt
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Figure 4.8.: Results for the use of the incremental deployment scheme described in Section 3.3.4 in
which one compensator is added at a time to all UK networks at the location of most
beneﬁt
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when considering all networks as a whole.
Another measure of performance is the beneﬁt-cost ratio, ∆GNV ·SV , versus NV (shown in the lower
plot of Figure 4.8 with a log-scale to show additional detail). It is assumed that cost will scale with
the total quantity (Nv) and rating (Sv) of VSCs utilized.
In contrast to the results observed for uniform deployment, the SSSC and STATCOM tend to
perform better with regards to the cost-beneﬁt ratio for incremental deployment up to a certain NV
(approximately 100 to 200 VSCs). To explain this, consider that in Figure 4.4 that the greatest 4g
tends be with the ﬁrst device installation. STATCOMs and SSSCs utilize a single VSC to provide
compensation, and therefore this initial large ∆g can be applied a greater number of networks for
a given NV .
If considering 5 MVA VSCs, the STATCOM oﬀers the best performance initially, but is overtaken
by other options past NV = 100. Section A.1.1 has also indicated that the beneﬁt from the
STATCOM is reduced drastically if working in conjunction with existing OLTCs, as both the
OLTC and STATCOM have similar eﬀects on network voltage regulation. Thus, ∆G and ∆GNV ·SV
will be reduced drastically if accounting for coordination with OLTCs.
Other observations (not shown) indicate that this cross-over point, i.e., the point at which the
back-to-back compensator begins to outperform the STATCOM, decreases with increasing line-
upgrade allowances. The infrastructure upgrades allow the multi-terminal, back-to-back and UPFC
to operate in a less restricted manner and therefore have greater increase in control over the network
in comparison to the STATCOM. This eﬀect is observed in Figure 4.5 of the previous section where
it is seen that the improvement due to the use of STATCOMs does not increase as rapidly with
line upgrade allowances as other compensator types. The opposite is true of the SSSC, where
the resulting ∆g increases even more rapidly with upgrade allowances (at Sv = 1 MVA), i.e., the
cross-over point shifts to the right making SSSC use a more attractive option.
The lower plot also clearly indicates that utilizing VSCs with lower ratings to realize the compen-
sators oﬀers a better MVA-beneﬁt ratio for all compensator types. The SSSC oﬀers the best ratio of
the devices up to approximately 60 units, followed by the UPFC. It is reminded that the objective
at each increment is to maximize the beneﬁt-cost ratio and not the total generation installed.
Further studies involving the incremental deployment can be found in the appendix. Section
A.1.2 shows the resulting beneﬁts observed when allowing compensators to be upgraded, e.g. a
STATCOM is converted to a B2B SOP in an increment rather than placing an additional STAT-
COM. Section A.1.3 shows trends for the incremental deployment scheme with increasing levels of
infrastructure upgrades permitted.
4.2.5. Eﬀects of Compensator Placement
The placement of compensators can greatly aﬀect their ability to provide voltage control in the
network. This section considers how the diﬀerent options for compensator placement discussed in
Section 3.3.3 aﬀect the ability of the compensator types to accommodate distributed generation.
The resulting ∆¯g values for mixed DG placement, with a uniform device deployment scheme
under diﬀerent device placement strategies are presented in Figure 4.9. As expected, the voltage
control weighted placement scheme (Vm) provides the greatest beneﬁt. The post-fault weighted
scheme (Em) is second in terms of performance. This is primarily due to the high correlation
between the nodes most weakly coupled to the primary substation located in the (Vm) scheme and
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Figure 4.9.: Results show a comparison between the diﬀerent device placement schemes considered
(balanced, geographic, emergency resupply, and voltage control). Presented results are
for the mixed DG placement scheme.
feeder endpoints, which maximize the number of customers resupplied. The result is similar per-
formance between the (Em) and (Vm) schemes. The performance of the geographically weighted
scheme (Ge) is by far the worst in DG integration performance, and including this geographical
weighting in the balanced weighted scheme (Ba) reduces its performance as well. Amongst each
device placement type, the trends are identical to that observed in Figure 4.4.
Additional studies have been performed regarding the eﬀects of compensator placement; specif-
ically, how diﬀerent placement schemes can improve DG integration performance. These studies
are presented in the appendix in Section A.1.4. A study of behaviour when placing compensators
at existing switchgear sites is presented in Section A.1.5.
4.2.6. Generation Curtailment
The maximum DG penetration before failure tends to vary with the loading condition for the
reasons outlined in Section 3.4.2. In some cases the variation in g is quite large for a given network
when considered at minimum and maximum loading conditions. The results presented previously
have been based on the assumption that the infrastructure should support maximum DG output
at minimum loading. If the DG connection agreement allows the option for output curtailment,
DG can be installed at a greater capacity. This study will demonstrate how generation curtailment
with varying loading conditions and generator outputs aﬀects the total quantity of energy that
could otherwise be exported from the DG.
The study of generator curtailment has been limited to the generic UKGDS networks. It was not
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performed for all 599 UK distribution networks as it involves testing the maximum DG point at each
loading condition encountered throughout the year and therefore requires a large amount of com-
puting resources. Studies have also been limited to the use of back-to-back SOPs for compensation
with Sv = 5 MVA and nv = 4.
In order to determine the total amount of energy generated for a DG installation with a particular
peak output, the generator output was varied in time in synchronism with the loading condition
according to the proﬁles shown in Figures 3.9 and 3.17. At each time step, if the generator output
exceeds the maximum g at that loading condition, the excess is curtailed. The results at each
time step are integrated across a year and the results are presented in MWh/year, with a cost
(value) indicating the lost revenue due to curtailment. An amount of ¿30/MWh is considered when
quoting lost revenue [121].
The clustered placement strategy is considered to be more suitable for curtailment studies and
is therefore used for most of the studies presented in this section. This is because large DG
installations are more likely to have a single owner (DG developer) with interest in what revenue
the DG installation(s) can potentially generate, whereas the uniform placement paradigm assumes
many generators with many owners. Implementation of a curtailment scheme would also be more
diﬃcult to coordinate with a large number of DG sites and owners. As SOP implementation is an
expensive undertaking, the ability to reduce the quantity of generation that a large DG developer
must curtail could serve as a motive for the developer to cover or share the cost of SOP installation
with the DNO depending on the arrangement.
Wind Generation Curtailment
The Rural 1 and Rural 2 networks were considered and generation was clustered near the back-
to-back SOP sites. This conﬁguration was chosen because rural networks are good candidates for
clustered DG installations such as wind farms. Figure 4.10 shows the resulting total generation
per year and lost revenue due to curtailment for a compensated and uncompensated network. For
wind installations g is tested at levels up to 100 MW.
As the peak capacity of the DG installation installed increases, the disparity between the un-
compensated case and that with a B2B SOP is shown to increase. Both rural network examples
show similar levels of revenue loss due to curtailment.
Photovoltaic Generation Curtailment
The output proﬁle of photovoltaic generation diﬀers from wind in that there is a greater degree
of correlation with a typical daily load proﬁle. This is due to the fact that much of customer
demand consists of residential and commercial loading, and thus the minimum loading condition
will occur at night when photovoltaic output is assured to not be at its maximum [122]. This
concept is illustrated graphically in Figure 4.11 using measured photovoltaic outputs synchronized
with typical demand proﬁles for a partly cloudy day. For this reason, if the same study as the
previous section is considered with a typical photovoltaic generation proﬁle then the levels of DG
curtailment will be reduced. This study is intended to give an idea of how much of a change can
be expected. For PV installations g is tested at levels up to 200 MW, as the beneﬁts of SOP
implementation becomes more substantial past 100 MW.
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Rural 1 Network, Clustered DG Placement, Wind Generation Profile (Sv =5 MVA, nv = 4)
F
ix
ed
g
en
er
a
ti
o
n
in
st
a
ll
a
ti
o
n

596.68k£rev. loss
0.00k£rev. loss
2128.34k£rev. loss
1.48k£rev. loss
5511.69k£rev. loss
1355.59k£rev. loss
0 50 100 150 200 250
g = 25 MW
g = 50 MW
g = 100 MW
Potential PV Output
With B2B SOP
Uncompensated
GWh/year
Rural 2 Network, Clustered DG Placement, Wind Generation Profile (Sv =5 MVA, nv = 4)
F
ix
ed
g
en
er
a
ti
o
n
in
st
a
ll
a
ti
o
n
474.50k£rev. loss
0.00k£rev. loss
1941.89k£rev. loss
0.13k£rev. loss
5274.04k£rev. loss
1185.96k£rev. loss
0 50 100 150 200 250
g = 25 MW
g = 50 MW
g = 100 MW
Potential PV Output
With B2B SOP
Uncompensated
Figure 4.10.: Total generation integrated over year and revenue gain/loss ﬁgures for wind farm
installation in rural networks of varying peak DG capacities
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Figure 4.11.: Load proﬁle versus a typical solar insolation pattern during daytime
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Figure 4.12.: Total generation integrated over year and revenue gain/loss ﬁgures for PV installation
in urban (top) and rural (bottom) networks of varying peak DG capacities
The upper plot of Figure 4.12 shows the results from a sample economic case study for the
UKGDS Urban 1 network with uniform DG placement. This is intended to emulate the scenario in
which large aggregate quantities of photovoltaics are installed in a relatively dense area (residential
and commercial rooftop photovoltaics). As previously mentioned, it would be diﬃcult to implement
a curtailment scheme in this scenario, however the results are still presented for comparison.
Also considered are larger clustered installations of PV in rural networks, for which the results are
shown in the lower plot of Figure 4.12. In this scenario, a greater disparity is observed between the
the compensated and uncompensated network when compared to the urban network with uniform
PV placement. However, the disparity is still much smaller than that of the wind installation at
g = 100 MW. This result is predominantly due to the diﬀerence in generator output proﬁles.
4.3. Increased Customer Demand
While customer demand is not expected to increase at nearly the same rate as DG installation [77],
an increase in peak loading is a possibility with the large scale adoption of electric vehicles [79]. It
is therefore of interest to consider how the use of active compensation can aid in accommodating
increased loading or defer the need to upgrade network infrastructure. This section will consider
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this load growth scenario in detail.
The relative performance of the compensation schemes tested is similar to that of the DG inte-
gration studies presented in Section 4.2 (increases in loading are applied uniformly at each network
node). For this reason, the results of some studies will be omitted in order to reduce the length of
this section. Diﬀerences observed in the performance of compensators in accommodating generation
and loading increase will be highlighted where appropriate.
The key diﬀerences in challenges faced by an increase in customer demand versus generation
growth are as follows:
• voltage violations occur in the form of undervoltages due to exceedingly high peak loading
• the reactive power absorbed by loads increases along with the load level whereas distributed
generation is only considered with unity power factor
• aggregate customer demand varies slowly and in a predictable manner and therefore the
coordination of compensators with existing AVC schemes (mechanical OLTCs) is a reasonable
thing to consider
Customer demand was considered to increase uniformly across the network, similar to the uniform
placement of generation throughout the network. The primary diﬀerence in this study considering
increased customer demand is in the coordinated use of OLTCs.
As the active compensators are attempting to counter undervoltages rather than overvoltages,
the limitations of the maximum VSC output voltage are also of greater signiﬁcance.
Results for customer demand increases will be presented in a similar fashion to those for increasing
generation, with two minor exceptions: results will be presented as a fraction (in p.u.) of the peak
network load of the unmodiﬁed network, and only uniform device deployment will be considered.
Results are presented in this manner because it is expected that demand growth (especially in
the form of electric vehicle adoption) will occur in proportion to the existing levels of demand at
each bus, thus presenting results as a percentage increase is suitable. By contrast, the generation
growth scenario results were presented as real (MW) values since large amounts of generation could
be installed in networks with relatively few customers.
4.3.1. Uniform Deployment of Active Compensation
Figure 4.13 shows the results for uniform deployment of various active compensation schemes.
The trends in relative performance observed are similar to those of the DG penetration study of
Section 4.2. The marginal beneﬁt of the STATCOM, however, is shown to be greatly reduced. It is
re-emphasized that these results consider active compensation implemented alongside an existing
AVC scheme which utilizes OLTCs to maintain voltage levels within limits. The STATCOM has
little control over power ﬂows in the network, but a strong inﬂuence over node voltages. For these
reasons, the STATCOM oﬀers little beneﬁt when used alongside OLTCs. This is also observed in
Figure A.1 in which OLTCs are used to accommodate DG.
The uncompensated demand growth mean, l, suggests that existing networks can accommodate
a 7% increase in loading on average before breaching a constraint. Note that all networks tested
are capable of accommodating 1.0 p.u. loading without breaching any constraints.
Results from a study of the uniform deployment of multi-terminal compensators with integrated
energy storage are presented in Section A.2.2.
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Sample Mean of Customer Demand Allowance Increase (N = 599, Uncompensated l¯ = 1.07 pu)
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Figure 4.13.: Marginal increase in customer demand allowance (∆l ) due to the use of diﬀerent
compensation schemes (uniform deployment)
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4.3.2. Variation with Network Type
The variations in demand increases with network type are shown in Figure 4.14. Since load increases
were tested in 10% increments, the results appear to increment in steps. It is observed that many
of the networks tested are operating close to (l = 1.0). Note that these results are based on voltage
limits ±3% from nominal, which may not always be observed in practice for all network loads and
is stricter than the current statutory limits.
The allowance for growth in demand is shown in the lower plot of Figure 4.14. Here similar
trends are observed amongst compensation schemes to those observed for increased DG, i.e., the
B2B is insensitive to network type, the STATCOM favours rural networks at Sv, and the SSSC
favours urban networks.
4.3.3. Feeder Upgrades with Load Growth
As with generation growth, feeder upgrades are required with increased customer demand. Figure
4.15 shows the resulting upgrades required for diﬀerent compensation schemes. The resulting trends
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Figure 4.15.: Change in required feeder upgrades (∆u) with compensation to reach diﬀerent ﬁxed
levels of peak demand (l = 1.25pu, l = 1.75pu,l = 2.25pu)
show some diﬀerence to that of Figure 4.6 due to the test being based on ﬁxed percentage increases
rather than ﬁxed absolute quantities of generation. In absolute terms on average, a 25% load
increase corresponds to a 5 MW increase, 75% corresponds to 15 MW and 125% to 25 MW. The
reader is also reminded that the OLTC is used in conjunction with active compensation, this feeder
upgrades are performed due to thermal limit breaches to a greater degree as opposed to voltage
violations.
One of the main diﬀerences observed with Figure 4.6 is that for a small ﬁxed load increase
(25%), there is a more clear distinction between the performance across compensation schemes.
Also observed is that the STATCOM performance is worse and the SSSC performance better
than that seen in Figure 4.6 for the reasons discussed in Section A.1.1. Above Sv = 5 MVA and
l = 1.75pu, the performance of the SSSC, UPFC and B2B compensators is nearly identical.
The base line upgrades, u¯, for an uncompensated network are also observed to be lower than
that seen in Figure 4.6. Reduction in uncompensated upgrade levels is aided with use of OLTCs,
however the dominant cause of this is that load increases are made as percentages of the total load.
Therefore more lightly loaded networks do not have disproportionately large demand increases
forced upon them. Despite this, ﬁxing the load increase as a percentage does still cause an increase
in the quantity of line upgrades in comparison to placing an upper limit on the quantity of line
upgrades, similar to that of Figure 4.7 but to a lesser degree.
The quantity of feeder upgrades is considered in more detail in Figure 4.16 with the peak load level
varying continuously between 100% and 225%. The change in the uncompensated line upgrades is
also shown in this ﬁgure. Observed in this ﬁgure is that the rate of change of beneﬁt (∆u ) begins
to decrease with increasing peak load, but does not begin to trend towards zero as will be observed
when considering transformer upgrades in the following section.
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Figure 4.16.: (upper) Change in required feeder upgrades (∆u) with compensation (at nv = 4 and
nv = 10) for peak demand varied continuously from l = 1pu to l = 2.25pu
(lower) Base feeder upgrades required in uncompensated networks (u) for peak de-
mand varied continuously from l = 1pu to l = 2.25pu
4.3.4. Substation Transformer Upgrades with Load Growth
The required upgrades to substation transformer capacity with load growth will now be considered.
Unless otherwise speciﬁed, transformer rating increases are speciﬁed in MW, representing the total
MW of additional transformer installations required to support an increased loading condition.
Figure 4.17 shows the results for two compensation cases again for a peak load variation from
100% to 225%. After a certain level of load increase, the incremental beneﬁts of the compen-
sators, 4ut, begin to approach zero. The rating of the VSCs in this case is the limiting factor for
load balancing in the transformers otherwise the ∆ut = 0 would be reached at the same loading
level for diﬀerent values of Sv. The point of inﬂection represents the point at which, on average,
compensators can no longer balance transformer loading and therefore prevent overloads.
This is also observed in Figure 4.18 for a greater number of compensation schemes at ﬁxed loading
level increases. ∆ut,n is shown to decrease in moving from l = 1.75pu to l = 2.25pu.
Figure 4.18 also indicates the quantity of transformer upgrades in addition to the sum of total
rating increase. One transformer upgrade constitutes the addition of one additional transformer of
the original rating, e.g. a 5 MVA transformer upgraded to 20 MVA would be counted as 4 upgrades.
The quantity is shown in addition to the rating in order to give an idea of the number of upgrade
undertaking that would be required were demand increased over time. To put into perspective
the quantity (in numbers and MVA) of the transformer upgrades observed, Figure 3.8 shows data
containing the quantity and ratings of transformers across the networks under study. The mean
number of transformers across all networks is approximately 6, which is approximately in line with
the number of transformer upgrades required at 200% loading, i.e., at l = 2 pu, ∆ut,n = 6.6 kA−km
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Figure 4.17.: (upper) Change in required transformer upgrades (∆ut) with compensation (at nv = 4
and nv = 10) for peak demand varied continuously from l = 1pu to l = 2.25pu
(lower) Base transformer upgrades required in uncompensated networks (ut) for peak
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.
Active compensation is shown here to do little in the way of preventing transformer upgrades,
on average only decreasing the number of upgrades by 1 unit for the best performing compensation
option (nv = 10, Sv = 10 multi-terminal). These scenarios all consider placement throughout
distribution networks, and primarily at feeder endpoints. Load balancing for transformers will be
considered in more detail in Chapter 5 where the use of SOPs at transformer terminals, with the
intent of compensating transformers, is also considered.
4.4. Network Loss Reduction
The use of active compensation allows for the optimal routing of power within a given distribution
network which in turn allows for a reduction in conduction losses throughout the network. This
section will examine some preliminary results obtained through simulation on the UKGDS networks
to make a recommendation as to whether loss minimization can be considered a useful feature of a
SOP. In this study, only the back-to-back SOP is considered.
A summary of the loss minimization results is shown in Table 4.3. The cost savings were cal-
culated based on an estimated of 2.96-3.62 p/kWh including wholesale value and transmission,
distribution and environmental costs [121].
Based on these cost-savings results, it is made apparent that the reduction in total network
losses will not be the greatest beneﬁt of SOP implementation. It should be considered that the
distribution networks considered have considered the balancing of loading as a primary component
of distribution planning while being constructed or expanded over time [15]. As these preliminary
112
T
ra
n
sfo
rm
e
r
U
p
g
ra
d
e
s
b
y
R
a
tin
g
∆
u
t
(M
V
A
)

l = 1.25pu
l = 1.75pu l = 2.25pu
u¯t = 3.4 MVA
u¯t = 17.2 MVA u¯t = 31.2 MVA
S
v
:
STAT. B2B MTSSSC UPFC STAT. B2B MTSSSC UPFC STAT. B2B MTSSSC UPFC
1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10
−7
−6
−5
−4
−3
−2
−1
nv = 1
nv = 2
nv = 3
nv = 4
nv = 6
nv = 8
nv = 10
T
ra
n
sfo
rm
e
r
U
p
g
ra
d
e
s
b
y
Q
u
a
n
tity
∆
u
t,
n
(#
)
l = 1.25pu l = 1.75pu l = 2.25pu
¯ut,n = 1.2 (#) ¯ut,n = 5.0 (#) ¯ut,n = 8.1 (#)
S
v
:
STAT. B2B MTSSSC UPFC STAT. B2B MTSSSC UPFC STAT. B2B MTSSSC UPFC
1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10 1 5 10
−2
−1.8
−1.6
−1.4
−1.2
−1
−0.8
−0.6
−0.4
−0.2
Transformer Upgrades at Fixed Levels of Increased Demand
Figure 4.18.: Substation transformer upgrade (in quantity and rating) at ﬁxed demand levels
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Table 4.3.: Table summarizing loss reduction results with the use of one or several back-to-back
SOPs on a selection of generic network data sets
Name Description nv ∆el
(MWh
/year)
% Red. ¿/year
Rural 1 Generic 11 kV 1 85.83 13.82 2540 - 3107
overhead rural (overhead) 2 89.97 14.49 2663 - 3257
3 89.89 14.47 2661 - 3254
Rural 2 Generic 11 kV 1 101.99 19.95 3019 - 3692
overhead rural (overhead) 2 108.46 21.22 3210- 3926
3 108.4 21.21 3209 - 3924
Mixed 1 Generic mixed 11kV rural 1 106.32 9.81 3147 - 3849
(overhead) and 2 114.2 10.54 3380 - 4134
urban (underground) 3 114.08 10.53 3377 - 4130
Mixed 2 Generic mixed 11kV rural 1 96.81 12.35 2866 - 3505
(overhead) and 2 105.35 13.44 3118 - 3814
urban (underground) 3 105.21 13.43 3114 - 3809
Urban 1 Generic 11 kV 1 330.83 27.6 9793 - 11976
urban (underground) 2 438.94 36.62 12993 - 15890
3 491.07 40.97 14536 - 17777
Mixed 3 Generic 11 kV 1 148.54 9.96 4397 - 5377
urban (underground) 2 207.08 13.88 6130 - 7496
3 219.19 14.69 6488 - 7935
Mixed 4 Generic 11 kV 1 134.78 10.27 3990 - 4879
urban (underground) 2 215.35 16.41 6374 - 7796
3 217.44 16.57 6436 - 7871
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Figure 4.19.: With SOPs dispatched to minimize network losses, cumulative yearly network losses
plotted against SOP VSC losses indicating worst-case eﬃciency requirements to break
even (demand variation proﬁles and multiple network datasets considered)
results done with the representative UKGDS network datasets did not indicate that loss reduction
could be touted as a beneﬁt of incorporating SOPs, loss minimization studies were not performed
on the UK network datasets.
The ability of the SOP to reduce losses increases along with increased customer demand, so as
overall loading on network increases so will the loss reduction; this is assuming that feeder losses
remain the same (i.e., ampacity of feeders not increased). This observation that the decrease in
conduction losses was greatest for more heavily loaded networks suggests that an increase in demand
(with distribution networks operating closer to capacity) would make the eﬀect of loss reduction by
SOP implementation more signiﬁcant. While consumer eﬃciency measures tend to reduce or stay
customer demand, the potential for a large increase comes with the introduction of electric vehicles
connected to the grid for charging. The load balancing associated with loss minimization will also
defer feeder and transformer upgrades with increased demand, as presented in Section 4.3.
Another criticism of using SOPs for loss reduction are the power losses in the SOP itself. It will
be shown in Chapter 6 that the typical total yearly losses for a continually operating back-to-back
SOP far outweigh the reduction in conduction losses when performing transformer load balancing
directly. The reduction in overall distribution network losses is more signiﬁcant, making it possible
for SOPs to provide a reduction in total losses if the SOP eﬃciency meets a certain level. This
is illustrated in Figure 4.19 in which the loss reduction aﬀorded by the SOP is compared with its
own operating losses performed for typical yearly load proﬁles. The results indicate that in a worst
case, eﬃciencies of 98.2% and 98.4% or above are required to provide a reduction in yearly losses
for 1 and 2 SOPs, respectively. Also indicated in this ﬁgure are the peak (Sˆv)and average (S¯v)
SOP output power throughout the year across all compensators installed in the network.
Figure 4.20 shows similar results when the networks tested are outﬁtted with either g = 100%
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Figure 4.20.: With SOPs dispatched to minimize network losses, cumulative yearly network losses
plotted against SOP VSC losses indicating worst-case eﬃciency requirements to break
even (with PV uniformly placed at g = 1.0 pu, demand/generation variation proﬁles
and multiple network datasets considered)
penetration of photovoltaic DG with uniform DG placement or g = 100% of wind DG clustered at
feeder endpoints and the worst case of these scenarios is highlighted. Typical generation proﬁles
(from Figure 3.17) are used to vary generator outputs in synchronism with demand. The ability of
the SOP to reduce losses is reduced slightly in this case, with the maximum rating required by the
SOP to reduce losses to these levels also increased. The average SOP output remains the same for
the year. The worst case eﬃciency required from these scenarios is not signiﬁcantly higher than
when only load variations are considered.
As discussed in section (Section 4.2), issues associated with the integration of distribution gener-
ation (DG) are also mitigated with SOP or active compensation implementation. SOP implemen-
tation signiﬁcantly increases the allowed quantities of DG within a particular network. With the
introduction of DG at sites close to network loads, the eﬀective distance from source to load also
decreases and therefore so do network conduction losses. This is illustrated in Figure 4.21. The im-
plication of this is that SOP implementation along with unrestricted DG installation can indirectly
decrease overall network losses. As seen in Figure 4.21, this is only true up to a certain percent
penetration of distributed generation. Note that this ﬁgure considers uniform DG placement and
the loss minimum location and magnitude will vary according to the placement of generators. For
clustered DG placement, the reduction in losses will not be as signiﬁcant.
If the additional loss reductions associated with 100% DG penetration are accounted for, i.e.,
the uncompensated network is now considered as the network without SOPs or DG installed, the
eﬃciencies required are reduced in most cases. This is predominantly due to the additional loss
reduction aﬀorded by the installation of DG. The purpose of showing this ﬁgure is to indicate how
installing SOPs with eﬃciency ﬁgures lower than that of Figure 4.19 can still reduce yearly network
losses by allowing for increased accommodation of DG. This is true for cases where the level of DG
does not actually increase yearly network losses. It is seen in Figure 4.21 that the losses actually
increase past 100% penetration, thus accounting for the increased worst-case eﬃciency ﬁgure of
99.7%.
In most cases, the SOP will not be operating at its rated output and can therefore serve to
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Figure 4.21.: Network losses versus DG penetration for several network examples (normalized to 1
at g = 0 at the peak loading condition for each network)
optimize network power ﬂows unless needed to meet network constraints due to large spikes in DG
output, or to provide post-fault resupply. Outside of these instances, the SOP can serve to optimize
power ﬂows by reducing network losses should these device eﬃciencies be met. If the SOP is unable
to exceed the eﬃciency ﬁgures quoted, it should be left idle to avoid needlessly increasing overall
losses.
4.5. Tap Change Coordination and Reduction
At present, most distribution systems make use of mechanical OLTCs in order to regulate network
voltages within their limits [83]. OLTCs are slow to respond in comparison with power-electronic
compensators. In addition, mechanical tap changers will have a limited number of operations before
requiring maintenance or failing completely [70]. In the presence of large quantities of uncontrolled
and intermittent generation, OLTCs will require an greater number of operations to maintain an
acceptable level of power quality due to the changes in feeder voltage proﬁles with ﬂuctuating
generator outputs. It is therefore useful to determine by how much active compensation can reduce
the need for using OLTCs.
A clear beneﬁt of adding active compensation to distribution networks is the ability to aid present
voltage regulation systems in maintaining acceptable voltage levels. The purposes of this section is
to quantify the number of tap change operations required in the existing voltage regulation scheme
(T ) as well as the change in required tap operations in the presence of active compensation (∆T ).
This section is intended to consider slow generator output transients, and thus the assertion made
in Section 4.2 that mechanical OLTCs are not fast enough to mitigate voltage rise due to changes
in generator output is now put into question. The generator output proﬁles of Figure 3.17 change
in a suﬃciently slow manner that OLTCs could be considered for accommodating this DG. It is
recognized that generator outputs, especially that of photovoltaics, have the potential to vary much
more quickly than the output proﬁle considered. Since OLTCs are not quick enough to respond to
the ﬂuctuations posed by large quantities of photovoltaics, the output proﬁle shown in Figure 3.17
can be considered as a low-pass ﬁltered version of the generator output for which a slow mechanical
tap changer would be responding to; thus, the number of tap changes presented is intended to
represent how an OLTC might perform if actually used to mitigate voltage issues caused by these
generation types. Were faster variations of generator output to be taken into account, it would
be unrealistic to include the corresponding tap change operations into the yearly total because
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Sˆv = 4.4 MVA, S¯v = 0.8 MVA
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Figure 4.22.: With SOPs dispatched to minimize network losses, cumulative yearly network losses
plotted (and the eﬀect of DG installation of losses removed) against SOP VSC losses
indicating worst-case eﬃciency requirements to break even
(upper) with PV uniformly placed at g = 1.0 pu, demand/generation variation pro-
ﬁles and multiple network datasets considered
(lower) with wind generation placed with clustered scheme at g = 1.0 pu, de-
mand/generation variation proﬁles and multiple network datasets considered
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the OLTC would not be responding to these faster variations quickly enough. The consequences
of greater levels of intermittency would either be unmitigated network voltage violations or an
increased number of tap change operations.
This study is performed on the available UK network datasets, with typical customer demand and
generation output data taken from the UKGDS repository. Instead of ignoring thermal constraints,
all network datasets are ﬁrst pre-processed such that they can support a DG installation of 100% of
the peak loading quantity regardless of the loading condition, i.e., feeders are upgraded to prevent
thermal limit breaches. Speciﬁc OLTC data was not available for every network transformer, and
thus assumptions were made about the capabilities of each. It was assumed that each transformer
could vary its output voltage from 0.9 pu to 1.1 pu in 30 increments. In practice, the increment
size and tap range varies amongst devices [116]. As this tap range data was not available, this test
also identiﬁes the range of voltages required by each substation transformer before considering the
eﬀect of the active compensation in reducing that range.
For each loading condition and generator output, there exists a range of feasible tap setpoints.
In order to determine this range, the network is ﬁrst tested for the uncompensated case with all 30
tap set points checked exhaustively at each loading condition and generator output combination.
Across all loading and generation combinations, there will be an absolute range of tap set points
that the OLTC will vary amongst throughout a given year. An example for a given UK distribution
network is shown in Figure 4.23 in which the tap ranges are presented for all considered loading
and generation conditions. This particular network contains three primary substation transformers
which experience diﬀerent combinations of customer types and diﬀerent levels of generation at each
node. The maximum and minimum points on this Figure for the uncompensated case constitute
an overall range that the OLTC will be required to operate across all loading and generation
combinations. This overall range is then tested with diﬀerent active compensation schemes in
order to determine whether an individual ranged at a ﬁxed load/generation combination can be
expanded.
It is of course possible that active compensation could also expand the overall yearly operating
range, however testing the entire range exhaustively would be computationally expensive and does
not serve the purpose of this test. It is suﬃcient to determine whether the addition of active
compensation can expand the range of allowable set points for a given loading condition, and by
how much. The ultimate goal of adding active compensation is to expand this tap range such
that a set-point can be chosen which covers all loading conditions, thus negating the need for any
operations to be performed at all. The compensated ranges of Figure 4.23 show the eﬀect of adding
a multi-terminal SOP to the network. For all three transformers, the range is expanded, allowing
for a universal set-point to be chosen and negating all operations that would otherwise be required
by these OLTCs.
A diﬀerent network example is shown in Figure 4.24 in which there exists a suitable tap set-point
for all conditions without any compensation. In this example, no compensation is required for this
particular OLTC due to the existence of this universal set-point.
In order to quantify the number of tap-change operations in a given year, load and generator
proﬁles are assigned according to the customer type and DG placement scenario according to the
proﬁles shown in Figures 3.17 and 3.9. The network is solved at each half-hourly time step. As
the loading condition or generator output changes over time, an OLTC may have to perform a
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Figure 4.23.: Primary substation minimum and maximum transformer tap levels that will meet grid
voltage constraints across several load/DG level combinations (on a single UK network
selected from the sample datasets). Minimum and maximum tap levels are indicated
for networks both with and without compensation (multi-terminal compensator at
diﬀerent ratings)
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Tap Setpoint Suitable for All Conditions
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Figure 4.24.: For a selected network, tap level in which network voltage constraints are met for all
possible load and DG level combinations is shown (indicated by a solid black line).
The existence of this universal setpoint indicates whether the OLTC has to operate
or not for typical load and DG variations encountered throughout the year
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tap-change operation in order to maintain network voltages within their limits if the new loading
condition is outside the allowable range for a given load and generation combination. The initial
tap set point is selected from the feasible range at the starting load and generation condition based
on its suitability for the greatest number of conditions. The results of this tap change operation
count will follow in the subsequent sub-sections.
4.5.1. Operation with Changing Loading Conditions
Here the results are presented in Figure 4.25 for yearly network operation with no DG installed.
The need for tap-change operations arises from the variations in customer demand, which varies
according to the load proﬁles shown in Figure 3.9. Note that since the networks have been pre-
processed to allow accommodation of 100% DG, the annual number of operations is reduced slightly
from the unaltered network data set.
The results shown in Figure 4.25 are the mean of tap operations across all 599 sample UK dis-
tribution networks. Transformers in uncompensated networks on average require approximately
105 operations per year (T = 105 operationsyear , σ = 230
operations
year ). At nv = 4 and above, the three
device types tested are shown to perform quite similarly, with the STATCOM showing only slightly
reduced performance. At nv = 2 the STATCOM can be compared directly with the back-to-back
SOP, which also indicates similar performance with a slight edge given to the back-to-back con-
version system. At nv = 2 the multi-terminal SOP can be compared directly with the STATCOM
and again the additional beneﬁt of the multi-terminal compensator is only slight. One important
observation to take away from this is that at nv = 4 and above, the need for OLTC operation is
nearly eliminated, i.e., T + ∆T ≈ 0.
While all three devices perform similarly for all numbers of devices, it is important not to
conclude that the active power exchange capabilities of the back-to-back and multi-terminal SOPs
do not oﬀer any voltage control beneﬁt, just that reactive power support is suﬃcient to remove
the need for tap change operations. Were the goal to test the expansion of the overall allowable
range of tap position (as discussed in the previous section), diﬀerences in performance would be
observed. For nv < 4, the failure to mitigate some tap change operations is primarily due to the
lack of compensators available to supply all weak portions of the network. This lack of a device in
portions of the network that would beneﬁt is of much greater detriment to performance than the
ability to exchange active power in the network, and is reﬂected in the results.
4.5.2. Operation With Changing Generation
Compared to simple load variation, adding generation to a network causes a greater number of
signiﬁcant variations in power ﬂows throughout the network over a given period of time. This
results in greater requirements for the OLTC to regulate network voltages and a therefore a greater
number of tap operations. In this section it will be shown that active compensation also reduces or
eliminates the need for OLTC operations, with the number of tap operations in diﬀerent generation
scenarios quantiﬁed.
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Yearly Change in Tap Operations Without Generation, Uncompensated T¯ = 104.9 taps/year (σ = 229.9)
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Figure 4.25.: Mean change in tap operations per year due to compensation with a total peak ca-
pacity of 100% of peak load (load variations considered throughout the year time
series)
Photovoltaic
The ﬁrst test is done considering the installation of solar photovoltaic generation with a peak output
of 100% of each networks peak loading. Rather than considering large photovoltaic plants, this
scenario considers widespread photovoltaics installed amongst customers and therefore the uniform
DG placement scenario, described in Section 3.3.3, is utilized. The photovoltaic generation proﬁle
of 3.17 is applied to the generation sites.
The results are shown in Figure 4.26. With this placement scheme and generation type, the
diﬀerences between the compensator types are slightly more pronounced than when only load
variations are considered. The base number of operations (T ) is increased from zero-generation
case as well, though not signiﬁcantly.
Results show trends for all network datasets tested (N = 599). The trends observed are empha-
sized through the supplementary results shown in Section 4.5.2, in which compensation is installed
in networks with the worst performing voltage regulation.
Tap Change Reduction in Worst Performing Networks A large proportion of substation
transformers operating have no voltage regulation requirements. These cases are included in the
mean values presented in Figure 4.26, thus reducing the mean values signiﬁcantly. It is of interest
to consider the worst 5% of cases, i.e., the 5% of networks that require the greatest number of
OLTC operations in the uncompensated case. The results of this are shown in Figure 4.27, which
are of course signiﬁcantly higher than that of Figure 4.26. Despite the greater need for voltage
regulation, the relative performance of each compensation scheme (nv,Sv) has similar trends with
little diﬀerentiation.
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Yearly Change in Tap Operations With 100% PV Capacity (Uniform Placement), Uncompensated T¯ = 194.0 taps/year (σ = 328.1)
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Figure 4.26.: Mean change in tap operations per year due to compensation for PV installation with
a peak capacity of 100% of peak load (load and DG output variations considered
throughout the year time series)
(Top 5%) Yearly Change in Tap Operations With 100% PV Capacity (Uniform Placement), Uncompensated T¯ = 1469.2 taps/year (σ = 670.4)
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Figure 4.27.: Mean tap change operations per year of top (in terms of the largest number of tap
changes) 5% of test cases for PV generation installed at a total peak capacity of
100% of peak load (load and DG output variations considered throughout the year
time series)
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Yearly Change in Tap Operations With 100% Wind Capacity (Clustered Placement), Uncompensated T¯ = 389.3 taps/year (σ = 548.8)
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Figure 4.28.: Mean tap change operations per year of top (in terms of the largest number of tap
changes) 5% of test cases for wind generation installed at a total peak capacity of
100% of peak load (load and DG output variations considered throughout the year
time series)
Wind
Here the Clustered DG Placement strategy is considered to represent slightly larger concentrations
of generation installed in less geographically dense areas, as described in Section 3.3.3. For the
purposes of this test, it is assumed that these large concentrations will be (small) wind-farms or
even large single turbines, and thus the wind generator proﬁle of 3.17 is applied to the generation
sites.
The results are shown in Figure 4.28. With this placement scheme and generation type, the
diﬀerences between the compensator types are again slightly more pronounced than when only
load variations are considered. The base number of operations is increased from the case of the
photovoltaic generation proﬁle with uniform placement. Though the relative performance amongst
compensator types is still similar, a greater disparity is seen between the SV = 1 MVA and Sv = 5
MVA compensators than that seen in other cases for each respective compensator. At SV = 1
MVA there is also a greater disparity between the STATCOM and the SOPs (back-to-back and
multi-terminal) than previously observed.
4.5.3. Variation with Network Type
Figure 4.29 shows the variation in OLTC operations and the eﬀect of compensation with network
type. These results indicate that rural networks both require a greater number of OLTC operations
per year and that the beneﬁt of active compensation is greater in comparison with other types.
There are a large number of cases in which T = 0. It should be noted that T = 0 and ∆T = 0
do not appear on the scatter plot due to the log-log scale. Most networks with T = 0 were urban
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Figure 4.29.: Tap operations required to maintain voltage stability in uncompensated networks T
(and change in those tap operations with compensation, ∆T ) with respect to network
classiﬁcation metric
networks. The trend lines show which average values in each region do account for networks with
T = 0.
4.6. Reliability
NOPs are used in distribution networks to improve the reliability of a distribution network by
allowing for restoration of supply to portions of a distribution network that have been isolated
by the protection system. SOPs have the potential to provide this same capability by allowing
controlled power ﬂows to isolation portions of a distribution network. The limitation on the SOP
to resupply is based on the VSC converter rating, Sv. Figure 3.15 previously indicated the ratings
required to resupply a portion of a distribution network, which is dependent on the number of
SOPs present. For this section, it will be assumed that back-to-back SOPs are used.
Reliability is often evaluated in terms of customer interruptions (CI) and customer minutes lost
(CML) per year. CI and CML performance is dependent on:
• the failure rate of the feeders present in the network, λ
[
faults
km−year
]
and its duration
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• the length of feeder k, lk[km]
• the number of customers experiencing an interruption with loss of feeder k, Ck
• the total number of customers in network i
In the UK, DNOs are not penalized for interruptions to customers which are less than 3 minutes
[123]. Above the CI threshold, the CML considers the duration of the interruption as well. Through
localized islanding detection methods, e.g. comparing voltage levels at grid coupling point with a
threshold [124], it is possible for a SOP to automate the post-fault resupply of portions of a network.
It is of course also possible to automate the closure of a mechanical NOP, and it could therefore be
argued that the additional time associated with the mechanical switchgear operation is negligible
considering the 3 minute CI threshold. If this threshold is reduced further, or penalties are put
in place for interruptions between 0 and 3 minutes, it is possible that slightly faster restoration
times could be of beneﬁt and it would be possible to perform a speculative analysis based on new
penalties.
To give an idea of restoration times for each device, an analogous example can be made in
comparing medium voltage static transfer switches (MVSTS) with medium voltage mechanical
transfer switches (MVMTS); both of which are often used for resupply of industrial customers.
MVSTSs are power electronic devices designed to switch over to an alternative supply feeder thus
quickly restoring supply to a customer [125]. MVSTSs have a typical response time of less than 4
ms, where as MVMTSs can range in response time from 24 ms to 5s [44]. These ﬁgures are quoted
for fully automated resupply; existing NOPs without automation may have an inherent delays
attributed to human operators. Despite this, since no individual fault duration data was available
for this study, the CML performance metric will not be used in comparing the performance of
NOPs vs SOPs.
Using feeder length data along with programmatic reconﬁguration through removal of feeders
from the network, it is possible to estimate the number of customer interruptions at the given fault
rates for underground and overhead feeders for N UK network datasets. Interruptions for a given
network, cii, will be deﬁned as,
cii =
1
Ti
Nfi∑
k=1
λklkCk (4.3)
where Nfi is the number of feeders and Ti is the total number of customers in network i. cii
has units of
[
interruptions
customer−year
]
, i.e., the number of interruptions for each customer in a given year.
As underground feeders (cables) are generally less prone to faults, the fault rate will be varied
according to whether it is overhead or underground, hence λ is speciﬁed for each feeder. Assuming
that the fault rate for overhead feeders to be a multiple of a base fault rate λ0
λk =
λ0 if feeder k is undergroundmλ0 if feeder k is overhead (4.4)
In this study, a base fault rate of λ0 = 0.2
[
faults
km−year
]
and m = 2. Assuming this proportionality
remains the same, the results presented to follow can be scaled for a diﬀerent fault rate. For a
diﬀerent value of m, however, the results will not scale linearly.
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The resulting customer interruptions are averaged across N = 593 networks giving an overall CI[
interruptions
customer−year
]
:
CI =
1
N
N∑
i=1
cii (4.5)
While Ck is deﬁned as the number of customers without any supply due to disconnection of feeder
k, it is useful to assign a new ﬁgure, Vk, which is deﬁned as the number of customers for which
node voltage constraints have been breached. A new metric representing the number of customer
voltage violations, which encompasses both voltage violations and loss of supply, is deﬁned as:
cvi =
1
Ti
Nfi∑
k=1
λklkVk (4.6)
and therefore the average violations are:
CV =
1
N
N∑
i=1
cvi (4.7)
As DNOs are penalized for both loss of supply and voltage violations, CV is a good representation
of the performance of SOPs vs NOPs in reducing DNO penalties. It is also an indicator of overall
power quality for the customer.
In the following sections, CV and CI will be used to evaluate the performance of SOPs versus
traditional NOPs for reliability and power quality. All tests are performed at peak loading, which
represents the worst case for voltage regulation with loss of supply. Options are compared for
varying numbers of devices in a given network. A balanced weighted device placement scheme is
used unless otherwise noted.
4.6.1. Comparison of NOPs with SOPs
The power ﬂow through a SOP is controllable, and thus an improved CI ﬁgure versus a conventional
NOP is reasonable to expect. However, the results shown in Figure 4.30 indicate that this is not
the case. Controllable power ﬂows are observed to have little to no eﬀect on the CI ﬁgure for the
networks studied. Both NOPs and SOPs do oﬀer signiﬁcant improvement over a network without
any reconﬁguration or restoration capabilities.
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Figure 4.30.: Yearly customer interruptions (CI) ﬁgure with SOPs, NOPs or without compensation
If interruptions and voltage violations are considered (reﬂected in the CV performance metric),
the performance of SOPs relative to NOPs is improved. The resulting CV values are shown in
Figure 4.31. The controllable power ﬂows and reactive power support provided by the SOP allow
for a decreased value of CV.
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Figure 4.31.: Yearly customer voltage violations ﬁgure (CV) with SOPs, NOPs or without compen-
sation
CV for NOPs is higher than that of the uncompensated case largely due to the fact that resupply
to portions of the network through the NOPs results in larger overall loading on primary feeders,
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Figure 4.32.: For a network selected from the sample datasets, post-fault voltages are shown in
the uncompensated network, with the presence of NOPs, and with the presence of a
SOP. Of signiﬁcance are the post-fault voltage violations due to resupply with a NOP.
Voltage scale from 0.9 to 1.1 pu shown in upper ﬁgure, and 0 to 0.1 shown in lower
ﬁgure to show presence of nodes without resupply in uncompensated network
and therefore a larger overall voltage drop. An example of this is shown in Figure 4.32. In this
example it can be seen that, while there are multiple nodes without supply in the uncompensated
case, the remaining nodes are maintained within the voltage limits. Closing the NOPs allows
resupply to these previously isolated nodes, but causes voltage drops across feeders to increase.
Hence, there are a greater number of violations overall.
With the SOPs controlled to mitigate voltage violations the number of violations is reduced, or
in this case eliminated completely. The ability of the SOPs to control network voltages varies with
the quantity and placement of the SOPs.
4.6.2. Eﬀect of Compensator Placement
The placement of the SOPs and NOPs will aﬀect the ability to resupply portions of the network
when supply through a critical feeder is disconnected. The device placement schemes described in
Section 3.3.3 will be evaluated here in terms of CI and CV.
Figure 4.33 shows the results from this study. In terms of CI, the post-fault placement weight-
ing oﬀers slightly improved reliability versus balanced weighting. The geographically weighted
placement performs the worst.
The results for CV , shown in the lower portion of the Figure 4.33, show a slightly diﬀerent trend.
Here, the balanced weighting scheme has taken into account voltage control in the network rather
than just the restoration of the maximum number of customers, and therefore it oﬀers a slightly
reduced CV when compared with the post-fault weighted scheme. The geographical weighting
performs the worst in terms of CV as well.
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Figure 4.33.: Eﬀect of compensator placement schemes on reliability metrics (CV and CI). Shown
is that interruptions can be slightly reduced by using the post-fault weighting scheme
described in Section 3.13, however CV is increased slightly
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Results from a study of the eﬀects of compensation with integrated energy storage on these
reliability metrics are presented in Section A.2.3.
4.6.3. Variation with Network Type
Figure 4.34 shows the resulting CI and CV ﬁgures correlated with the classiﬁcation metric, M .
It is observed that rural networks have the highest rates of failure (primarily due to long feeders
and radial topology) in uncompensated networks. This applies both to interruptions and voltage
violations.
The change in CV with compensation is also shown in Figure 4.34. It is observed that rural
networks will beneﬁt most, in terms of reducing CV , with compensation. It was also observed that
CI ﬁgures dropped with the implementation of NOPs and SOPs in rural networks to a greater
degree than urban networks.
4.7. Mitigating Distributed Generation Intermittency
It was observed in Section 4.2.6 that, since the peak output of photovoltaic (PV) generation is
unlikely to coincide with the minimum loading condition, that in some networks large quantities of
photovoltaics can be installed before violating network constraints. While network and voltage and
thermal constraints might not pose issues for to the integration of photovoltaics, the intermittency
of PVs may cause issues at the bulk-supply side.
As described in Chapter 2, fast moving clouds can cause transients in the output of PV installa-
tions on the order of seconds [69]. While some case studies have shown that more widely dispersed
PVs installed in larger capacities [126] are less aﬀected by cloud-movement on the whole, the worst
case scenario should be accounted for; that is, the aggregate PV operating at peak capacity un-
expectedly dropping to zero output. Indeed, as PV modules attain higher levels of conversion
eﬃciency, and placed with increasing density into urban centres, this worst-case scenario becomes
more plausible [127].
To mitigate large output transients, one solution is to utilize some form of energy storage close
to the distributed generator which will prevent these changes in power output from adversely
aﬀecting the supply-side. Local storage could be implemented in a distributed manner, i.e., with
small amounts of storage assigned, or mandated, for each renewable installation. This study will
instead consider the integration of storage with SOPs to solve PV intermittency issues. In this
study, only the back-to-back SOP has been considered, however the eﬀect of the voltage control
and optimal power routing provided by the SOP secondary to its role in compensating for PV
intermittency. Coordination of SOP output control to meet network constraints is only considered
to demonstrate that the two ancillary services provided by the 'energy storage-enabled' SOP can
be achieved simultaneously in an eﬀective manner. Figure 3.12 shows a back-to-back SOP with
energy storage integrated into the DC-link. This is combined with the simpliﬁed network of Figure
3.5 for most of this study to demonstrate key beneﬁts, however diﬀerent UKGDS networks will also
be considered.
In summary, the purpose of this section is to demonstrate the use of energy storage in slowing
changes in demand experience by the supply side, and to quantify the level of storage required to
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meet certain performance requirements. The performance requirements are expressed as a maxi-
mum rate of change in customer demand seen by the supply side, Rmax in watts per second.
For high levels of PV integration into a network, the eﬀect on the total demand as seen from
the supply-side can be signiﬁcant. It is reasonable to assume that an attempt will be made to
forecast both the level of distributed generator output in addition to the level of customer demand
in order to solve the day-ahead unit-commitment generator dispatch problem [128]. It is assumed
for the studies presented in this section that customer demand can be predicted adequately and
customer demand transients are suﬃciently slow to be neglected in most cases when compared with
PV output transients. In order to include the day-ahead load and generation forecasting into this
study, the rudimentary approach to forecasting for a given day based on weather preconditions
presented in Section 3.4.1 is used. The relationship between weather pre-conditions and future
photovoltaic power output is based on past weather and PV measurement data. It is presumed
that this rudimentary method can be further improved upon, and therefore is intended to serve as
a worst case prediction method which can be improved upon in order to reduce the levels of storage
required to meet Rmax.
4.7.1. Quantifying Levels of Storage
The level of storage required to damp PV output transients is primarily dependent on a worst
case scenario, which is identiﬁed as instances where PV output is at its peak level and drops
immediately to its minimum thereby creating a large increase in customer demand as seen from
the supply side. With supply-side prediction taken into account, the worst case scenario becomes
when the PV output is at peak and is correctly being predicted (with supply-side generation at
minimum), followed by a sudden drop to zero output, i.e., the maximum step size of the transient
will depend on the rudimentary prediction method. With a prediction method used, the occurrence
of a worst-case event is less likely.
The output power of the energy storage element, Ps (in MW), is assigned dynamically in order
to damp the rate of change in error between the predicted demand and actual demand, which is
directly related to the prediction error for the PV insolation pattern. For the change in PV output
considered as a step function a low-pass damping method with time constant, τ , can be described
by the following equation:
Ps(t) = Pstepe
− t
τ (4.8)
Where Pstep represents the magnitude of the step in the prediction error in watts. The stored
energy can therefore be expressed as
Es(t) = −τPstep(1− e− tτ ) (4.9)
For a maximum rate of change of power (in watts/s) speciﬁed by supply side requirements, Rmax,
and a maximum step in prediction error, Pstep, the required time-constant can be derived as
τ =
Pstep
Rmax
(4.10)
Now assuming the worst case scenario described above,
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Pstep,max = Ppv (4.11)
Thus the maximum magnitude of Ps(t) and Es(t) can be expressed as
Es,max =
P 2pv
Rmax
(4.12)
Ps,max = Ppv (4.13)
The low-pass control scheme is implemented algorithmically as
ps[n] =
τ
τ + Ts
(ps[n− 1]) + ∆[n− 1]−∆[n] (4.14)
where n refers to the time step number, ps[n] is the current storage output power, p[n] the current
power at the bulk supply point ppred[n] the current predicted net demand, and ∆[n] = ppred[n]−p[n]
the diﬀerence between the two. In the results, this algorithm will be referred to as the low-pass
algorithm (LPA).
While the aforementioned control routine is mathematically convenient for calculating the po-
tential storage requirements for a network, a more intelligent algorithm for controlling the storage
output can be used in order to reduce energy storage requirements by recharging the energy stor-
age element to an appropriate level when it is not needed. This method can be described by the
following equation:
ps[n] =
TsRmax −∆[n] + ∆[n− 1] + ps[n− 1]
|∆[n]|
Ts
> Rmax
Kpes[n− 1] |∆[n]|Ts < Rmax
(4.15)
where es[n− 1] is the stored energy in the previous step. At each time step, this algorithm sets
the storage output to prevent the net error rate of change from exceeding Rmax when required,
and otherwise works to restore the battery to its initial charge state utilizing a simple proportional
controller. In the simulation results, this algorithm will be referred to as the recharging algorithm
(RA).
It is important that the output reference calculated by the proportional control be limited as
such to not violate Rmax, i.e., since ps can eﬀectively change instantaneously, its rate of change
must be limited appropriately.
For a Rmax = 10
kW
s and Ppv = 1 MW , Equations 4.13 and 4.12 can be veriﬁed. This value of
Rmax is used as used an example, based on limiting the ramp-rate to within the capability of a
combined-cycle gas turbines on the supply side as non-spinning electricity reserves, i.e., Rmax =
10kWs translates to 1.8 MW in a three-minute period. It is emphasized that the level of energy
storage required is strongly tied to the capabilities, requirements, and goals of the supply-side to
provide this reserve. One year of measured data with a sample time of two-seconds using the
LPA and RA control schemes are used with the resulting maximum energy storage and throughput
throughout presented in Figure 4.35.
Discrepancies in the amount of energy storage required for the LPA (27.8 kWh vs 27.6 kWh)
are accounted for by considering that a step change with the magnitude of the peak PV capacity
represents the worst possible scenario and, based on the rudimentary prediction method used with
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Figure 4.35.: Estimated energy storage requirements versus requirements with compensation ap-
plied for 1 MW PV capacity and Rmax = 10
kW
s
the measured historical data, this event does not occur. Thus, the actual storage requirements
should always have Equations 4.13 and 4.12 as an upper bound. Storage requirements for a given
Rmax can further be reduced with a more sophisticated PV prediction method, or if PV installations
are widely dispersed, as will be discussed in Section A.3.2.
Figure 4.35 also shows the diﬀerent eﬀect the two algorithms have. Both limit R to within the
required bounds, but the recharging algorithm does so with reduced storage requirements due to
its tendency to reset the battery state when rate limiting is not required. While the recharging-
algorithm can potentially reduce energy storage requirements, it is observed that the peak (as
well as RMS) of the error increases slightly when compensated using the recharging-algorithm.
This is because the demand due to charging is not anticipated by the day-ahead forecast therefore
the error between the demand prediction and actual demand will be increased in some instances.
The peak storage throughput also increases for this reason, i.e., if the net error is increased due
to charging above the uncompensated case, this creates an eﬀectively larger error step should ∆
change suddenly, requiring a higher throughput to mitigate the change. Thus, when deciding on a
control algorithm, the value of reducing the error in addition to limiting its rate of change should
be considered when weighted against storage requirements.
The trend for increasing peak PV capacity for both algorithms considered is shown in Figure
4.37. It is worth noting that the diﬀerence between the estimated (upper bound) energy storage
requirement and the simulation results is increased along with total PV capacity.
Another important diﬀerence between the two algorithms is the eﬀect on error rate of change,
R, when below a given limit. The low-pass algorithm reduces the rate of change for any transient
in ∆, where as the recharging algorithm only does so when the transient exceeds Rmax. Therefore,
the low-pass algorithm has the possible added beneﬁt of contributing to a reduction in R at all
times, increasing the eﬀective inertia of the electricity network regardless of the level of storage.
Figure 4.36 shows the response of both control algorithms to an unanticipated square-wave pulse
of 1 MW. The recharging algorithm is set to limit the rate of change to within 90% of the maximum
for demonstration purposes and to give a margin for error due to secondary eﬀects that will be
discussed in Section 4.7.2.
The total-ownership cost of the required energy storage is estimated using results from [129].
Rather than consider each potential storage option, a value of $2000/kWh is used. This ﬁgure is
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Figure 4.38.: For new error rate limit (Rmax = 50
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s ), estimated energy storage/cost requirements
versus installed PV capacity compared with low-pass and recharging algorithm results
roughly equal to the average of the cost for storage technologies that are suitable for this application,
i.e., lithium-ion, NaS, high-speed ﬂywheel, compressed air and ultra-capacitor solutions. It is noted
that it may not be practical for some of these storage technologies to achieve the discharge rate
required for this application and hence this may be the limiting factor when deciding on a suitable
storage technology.
Note that the high-level control schemes discussed (RA and LPA) require measurement data from
the main substation as well as the supply-side forecast for the demand. However, a high rate of
throughput of this data is not necessary; a sample time of Ts = 2sec was adequate for the values of
Rmax considered. Voltage and feeder current sensors are often in place at the main substation [80]
and can be utilized in order to realize this high level control scheme along with a low-bandwidth
communication system to assign set-points to the SOPs.
4.7.2. Simulation Results
This section discusses the simulation results for energy storage used in conjunction with SOPs
to achieve various objectives such as feeder current balancing and bus voltage limiting. For all
simulations, the day with the highest peak PV output ramp rate, was utilized to vary the generator
output at any given time, i.e., a day with high peaks of sunshine but fast-moving cloud cover. This
day is considered as the worst-case day of the year for the purposes of this study. Loads throughout
the networks under test are assumed to follow a residential loading pattern typical to the time of
year for this worst-case day.
Installed PV capacity, g, is either deﬁned as a percentage of the peak load for the network under
study, or as an absolute magnitude. In addition, an upper limit of Rmax = 50
kW
s is now considered
(unless otherwise speciﬁed) in order to reduce the energy storage requirements and the total-cost
of ownership for the storage component to a more reasonable level. Figure 4.38 gives the cost and
energy storage estimate for increasing PV capacity for this new rate limit requirement.
Additional simulation results can be found in the appendix, in Section A.3.
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4.7.2.1. Feeder Balancing
The sample network of Figure 3.5 is utilized to demonstrate some key features of combining a
energy storage with a SOP; speciﬁcally the control over primary feeder currents is shown. This
system contains two primary feeders each with diﬀerent levels of loading.
Figure 4.39 shows a time-portion of the resulting simulation of the worst-case day. The subplot
second from the top shows the primary feeder currents overlayed; being controlled by the SOP;
next are the load bus voltages which are constrained to within the maximum and minimum values.
The individual output power for each VSC comprising the SOP is varied in order to balance feeder
loading and the net power delivered is accumulated in the energy storage unit or supplied to the
utility in order to meet Rmax.
4.7.2.2. Voltage Control
Generic data for the urban network from the UKGDS project [115] is used to study the eﬀects of
energy storage on a larger network example. The low-pass algorithm is utilized in this simulation.
The PV penetration level has been selected such that on this particular network and at this PV
capacity, bus voltages would exceed their limits without any compensation present.
Figure 4.40 shows the resulting waveforms for the entire worst-day simulation. This ﬁgure demon-
strates the load bus voltages being constrained to within their limits by the SOP, while attempting
to maintain the error ramp rate to Rmax below 50
kW
s .
It is observed that on one occasion in this simulation, Rmax is exceeded slightly. This is due to the
fact that rapid changes in the storage output power are not considered when calculating the storage
output set-point, Ps. The load-ﬂow algorithm (described in Section 3.5) used for this study models
the eﬀect of voltage ﬂuctuations in the network on the total demand [130]. Due to the presence of
voltage dependent loads, a large storage output variation will cause bus voltages throughout the
network to change in turn, thereby altering power ﬂows unexpectedly. The total network losses are
also altered with power ﬂow changes due to both constant impedance and constant power loads.
This eﬀect can be mitigated by considering the network model in the control algorithm or setting
Rmax with an error margin in mind. While these changes in demand are not accounted for when
determining Ps, it is observed that the eﬀect of this phenomenon in violating Rmax is minimal.
4.7.2.3. Control Algorithm Comparison
Results for the two high-level control algorithms under consideration are shown in Figure 4.41.
These results show the reduction in storage requirements when utilizing the recharging algorithm
as compared with the low-pass algorithm.
The simulation results follow the same trend as the estimated requirements, with the estimated
values as upper bounds. The diﬀerences in results between Figure 4.41 and Figures 4.37, 4.38 are
accounted for by the fact that the former involves a simulation for the worst-case day considering
power ﬂows in an actual distribution network model, and the latter for an entire years worth of
insolation data using simple power-ﬂow accounting.
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Figure 4.39.: Time domain simulation results for a simple distribution network attempting to bal-
ance feeder currents while limiting error rate (low-pass algorithm used for energy
storage dispatch)
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Rmax restrictions (top) and for diﬀerent PV capacities (bottom) shown for the energy
storage dispatch control algorithms considered
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4.8. Conclusions
The resulting economic beneﬁt of the loss reduction provided due to the presence of SOPs was
shown to be small. The capital costs associated with SOP implementation would likely have to
be reduced signiﬁcantly before the eﬀect of loss reductions is of some economic signiﬁcance. Loss
reduction was observed to not increase signiﬁcantly above two back-to-back compensators.
Despite the insigniﬁcance of the loss reduction beneﬁt, a study was performed on the eﬃciencies
required by SOP devices in order to break-even, i.e., the eﬃciency required to have power losses in
the SOP become equivalent to or lower than the network loss reduction. The introduction of DG
also results in a reduction in yearly network losses, and therefore SOPs can provide greater loss
reductions indirectly by enabling greater penetrations of distributed generation to be installed.
In addition to back-to-back compensators, other types of devices were considered for SOP imple-
mentation in the study of distributed generation accommodation. Studies of distributed generation
accommodation were extended to a range of UK network datasets in order to give an idea of how
active compensation compensates a wide variety of real networks as opposed to generic models.
If considering the performance with compensation schemes uniformly deployed across all net-
works, the 10-MVA multi-terminal compensator oﬀers the greatest ﬂexibility. The back-to-back
compensator oﬀers only slightly better performance than the UPFC at higher ratings, but has the
added advantage of being able to isolate connected feeders from disturbances. At 1 MVA, the
UPFC and SSSC compensators oﬀer the best performance. SSSCs were particularly eﬀective in
urban networks where they achieve power exchanges between network sections greater the rating
of the converters themselves. A low capacity UPFC capable of fault-blocking would represent the
greatest level of beneﬁt to each network with a considerably lower cost and physical footprint than
multi-terminal or back-to-back compensators.
With compensation applied incrementally to one network at a time, the best cost-beneﬁt ratio
results from using low capacity converters (with 1 MVA SSSCs and UPFCs leading). At 5 MVA,
the STATCOM oﬀers the best performance up to a certain quantity of installations, then it is
overtaken by other options. If active compensation is set to work in conjunction with existing
OLTCs, STATCOMs perform comparatively worse. Although larger numbers of compensators with
lower ratings oﬀer better performance, higher ratings may be needed to allow post-fault resupply to
adjacent feeders. With the incremental deployment scheme, allowing additional ﬂexibility at each
iteration in the form of upgrades from SSSC to UPFC or STATCOM to B2B results in a greater
overall beneﬁt and beneﬁt-cost ratio.
Another measure of performance is the ability to defer traditional reinforcement as DG levels
increase. For small amounts of DG, performance is not as varied as with larger amounts. This
suggests that it may make sense to install less costly STATCOMs and later interconnect them to
form back-to-back compensators as DG levels rise. In addition, beneﬁts of compensation are found
to increase with further allowance of infrastructure upgrades, suggesting that reinforcement can
complement active compensation in accommodating DG. The performance of devices with feeder
upgrades is observed to evolve more quickly for devices of higher rating, providing some additional
justiﬁcation for utilizing devices with a higher rating.
When comparing the feeder upgrades deferred from compensation with the required cable in-
stallation required to support the compensation scheme itself, it was also found that using devices
of lower rating oﬀers a lower break-even point, i.e., a lower level of DG at which deferred feeder
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upgrades meets the required cable installation in kA-km. It is also observed that placing an upper
limit on infrastructure upgrades prevents the installation of DG in networks which are inherently
bad at accommodating it, as opposed to not restricting the growth of DG. The diﬀerence in feeder
upgrades when considered across all networks is signiﬁcant.
In observing the variation of resulting allowable DG penetrations with network type, in general
STATCOMs are seen to perform better in rural networks (for large nv) while SSSCs perform better
in urban networks. The relative performance of the SSSC is also increased when networks are
upgraded to behave similarly to urban networks. Similar trends are observed for the variation of
demand increases with network type.
The placement of compensators was also observed to have a signiﬁcant eﬀect on the ability to
accommodate DG. The device placement schemes proposed perform better than when considering
SOP placement at existing internal and external NOP sites. Placement schemes which more heav-
ily weight the voltage control capability of the device, hence placing devices more towards feeder
endpoints, tend to perform better than the placement scheme which minimizes the geographical
distance between grid coupling points. The diﬀerences in performance and supporting cable instal-
lation length have been quantiﬁed in the appendix. In addition, further considerations have been
made for device placement to improve the performance of the STATCOM and SSSC.
The ability to accommodate increased demand with active compensation was also considered for
the UK network datasets. Performance trends were similar to those observed in accommodation
of distributed generation with OLTC coordination shown in the appendix. Substation transformer
upgrades with increased demand were also considered. Past a certain increase in demand (ap-
proximately 100% increase), the eﬀectiveness of active compensation in decreasing the required
transformer upgrades is reduced.
While prevention of substation transformer overloads cannot always be achieved with active
compensation, the devices considered are able to reduce or completely eliminate OLTC operations
when variations of loading throughout the year are considered. Signiﬁcant reductions are also
observed when diﬀerent forms of generation are installed within each network and the corresponding
generation output proﬁles are considered. The beneﬁts of active compensation for reducing OLTC
operations are greatest in rural networks.
Reliability has been evaluated in terms of customer interruptions and customer voltage violations.
The number of interruptions is reduced with the presence of both SOPs and NOPs versus the
uncompensated case, however there is little to no diﬀerentiation in the CI ﬁgure between the two
the mechanical switch and active compensation options. Where SOPs do beneﬁt the customer is in
regulating post-fault voltages (thereby preventing customer voltage violations), which are brought
outside of the predeﬁned limits due to the unbalanced loading caused by reconﬁguration of the
network. The improved response time of a power electronic link versus a mechanical one could
oﬀer reduced overall post-fault resupply times, however mechanical switch closing time is unlikely
to be the bottleneck for customer post-fault resupply. The beneﬁts of active compensation for
improved reliability are also greatest in rural networks.
The use of storage to limit demand intermittency as experienced by the supply-side while still
achieving the original objectives of the SOP is demonstrated. The levels of storage required to
meet these intermittency limits is quantiﬁed with diﬀerent high level storage control algorithms.
Simulations were used to validate this approximation as an upper-bound based on measured inso-
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lation data, as well as conﬁrm the trend predicted for increasing photovoltaic capacity or error rate
requirements. The reduction in storage requirements observed when utilizing a more intelligent
high-level control algorithm as well as considering insolation delay patterns is promising in the
sense that both storage and discharge requirements could be reduced signiﬁcantly.
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5. Design and Control Considerations
A quantiﬁcation of high-level beneﬁts provided by SOPs was given in Chapter 4. This chapter will
now discuss operational issues along with design considerations speciﬁc to the implementation of
SOPs.
To begin, a brief overview is given of the control strategies and converter topologies utilized
to perform demonstrations of SOP functionality in both this chapter and Chapter 6. This is
followed by simulations comparing primary network feeder interconnection options, such as NOPs
versus SOPs, when exposed to diﬀerent contingencies. The results from testing an experimental
implementation of a multi-terminal SOP in a prototype distribution network under some non-ideal
scenarios are also given. Finally, an optimal ﬁlter design procedure is proposed and a possible
design option for minimizing total ﬁlter volume is presented.
5.1. Control Design
5.1.1. Power Flow Control
As the control of the real and reactive power exported or imported by VSCs is a key component
of the operation of SOPs, the diﬀerent control strategies utilized in time-domain simulations and
experimental implementations will be discussed brieﬂy in this section. The parameters of each
control strategy have not been tuned to meet any particular performance objectives, but have been
adjusted to ensure stability and a suitable transient response time for the test cases considered.
Tuning of these control strategies to meet speciﬁc performance objectives is left as future work for
guiding the implementation of SOPs.
Current Control
A common approach to controlling the output current of VSCs is decoupled dq-current control
[131]. This technique will be described brieﬂy in this section, with further operational details
available in [132]. A block diagram describing this control strategy is given in Figure 5.1. This
technique is intended for use with VSCs connected to the utility with a simple series inductive ﬁlter.
This control strategy aims to achieve independent control of d and q axis currents, eliminating the
inherent coupling of d and q components due to the inductive element.
The input reference signals (idref , iqref ) are compared with measured values (id, iq) and passed
through a PI regulator, with a decoupling term added, to give reference values for the VSC terminal
d and q-axis voltages (Vtd, Vtq). The phase and magnitude of this vector is used to calculate the
modulation index and phase angle for the PWM control signal that will result in the desired VSC
terminal voltage, Vt.
Amongst the studies performed, this control technique is used for the tuned trap ﬁlter topology
proposed in Section 5.5 and for the network interconnection comparison simulations of Section 5.3.
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Some additional details in regards to control design with this strategy are presented in Section
5.5.5.
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Figure 5.1.: Block diagram of dq current control scheme utilized
Current Control with Active Damping
The current controller pictured in Figure 5.2 is intended to be used with VSCs interfaced to the
grid via an LCL ﬁlter. This technique was adapted from [133], which allows for stable control of
inverters utilizing this type of grid interface ﬁlter.
The controller has a similar structure to the dq current controller discussed in the previous section
in that the voltage applied to the ﬁnal output inductor is varied in order to achieve the desired
output current. The diﬀerence between the two lies in the presence of an inner control loop to
regulate the capacitor current with the VSC terminal voltage, and hence the capacitor voltage. It
has been shown in [133] that the inner capacitor current control loop is necessary for stability in
some cases; that is, direct feedback control of the output current (Io) can often be unstable with
the additional reactive elements of an LCL ﬁlter. This is primarily due to the additional resonant
modes introduced by these elements in contrast to a simple inductive ﬁlter. Further information
regarding the necessity of active or damping with LCL ﬁlters is discussed in [134, 135].
A proportional controller is all that is necessary for the inner capacitor current control loop as the
outer control loop will remove any steady state error from the reference and measured grid output
current with the PI controller. This control technique has been tested on an experimental prototype
system with LCL-interfaced VSCs, the results of which will be shown in Section 5.4. Additional
time-domain simulations were performed using this control technique in Chapter 6. Comparative
results have been excluded from this chapter, due to the demonstration of this technique being
present in Chapter 6.
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Power Reference Calculation
If synchronized with the output voltage of the VSC, the d and q current components will be directly
proportional to the real and reactive output power, respectively. The relationship between these
dq currents and the commanded power will change depending on the voltage at the coupling point,
V o, and whether rotating components use that voltage as a reference. The following relationship
is used in order to determine the current reference for a desired active power, Pref and reactive
power, Qref :
id,ref =
vodPref − voqQref
v2od + v
2
oq
(5.1)
iq,ref =
voqPref + vodQref
v2od + v
2
oq
(5.2)
Active Rectiﬁcation
The DC-link voltage is charged and discharged according to the active power imported and exported
from the VSC, respectively. An outer PI control loop can be used to provide a active power reference
for Equation 5.1. If tuned correctly, this outer control loop will regulate the DC-link voltage, Vdc
to the reference level, Vdc,ref . The bandwidth of this outer control loop should tuned such that it is
low in comparison to that of the inner current control loop, which allows the VSC power to reach
Pref1 before the outer control loop can respond.
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5.1.2. Synchronization
In order to successfully couple with a utility grid, some form of synchronization with the grid
frequency must be achieved. In the studies performed for this thesis, this is achieved through
the use of a phase-locked-loop (PLL). The topology of the PLL utilized is shown in Figure 5.4.
This PLL strategy synchronizes with V o by performing parks transformation (abc − dq0) on the
three-phase set, then extracting the quadrature, or q, component, according to:
V o, q = −V o, a(t) · sin(θ)− V o, b(t) · sin(θ − 2pi
3
)− V o, c(t) · sin(θ + 2pi
3
) (5.3)
V o, q is passed through a proportional-integral controller in order to provide a frequency estimate,
ω, which is in integrated to give a phase signal, θ. The value of θ is then fed back to the Parks
transformation block to form a diﬀerent phase (and frequency) basis for the transformation. In
summary, the closed-loop system regulates the quadrature component of the input waveform to
zero by varying the frequency and phase used for the Parks transformation. The value of θ can
be considered to be synchronized with Vo,abc when V o, q is successfully regulated to zero as this
implies that θ is in phase with the d-axis component, V o, d.
While other PLL topologies exist, the one presented in this section was found to perform well in
both time-domain simulation and experimental implementation. Its structure is also suitable for
synchronization with single-phase signals, as will be shown in the following section.
Kp,pll
ω
+
+vo,abc
Ki,pll
s
abc
dq
vo,q 1
s
θ
Figure 5.4.: Phase-locked-loop (PLL) utilized for synchronization with grid voltage
Single Phase Synchronization
The PLL structure shown in Figure 5.4 relies on an abc−dq transform to synchronize with the phase
voltages and therefore ideally requires the measured voltage, V o, targeted for synchronization to be
a three-phase balanced set of voltages. Without a balanced set, the dq components calculated will
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not be DC signals, and thus an error will be introduced. As discussed in Chapter 2, distribution
networks are often exposed to non-ideal conditions including imbalanced phase loading or faults.
It is therefore prudent to allow for synchronization with individual network phases, and allow for
individual control of each phase.
To achieve synchronization with a single phase, a Kalman pre-ﬁlter stage is used to provide
good estimates of the α and β components of that phase. The αβ components can then input
to a standard αβ − dq0 transform and subsequently used with the PLL described in Figure 5.4.
This provides a frequency and phase signal matched with that single phase component. The same
technique is applied to other measured signals, such as the output current. These single phase dq
components are then used for current control of each individual phase.
This ﬁlter structure is based on an oscillator model at a ﬁxed frequency, ω0 = 2pi50 rad/s. The
Kalman ﬁlter, realized in discrete time, is shown in Figure 5.5. The individual gains ke, kf ,me,mf
determine the tracking speed. This Kalman pre-ﬁlter and its design procedure is described in detail
in [136] and is therefore omitted from this thesis, however a modiﬁcation is proposed here which
oﬀers a greater tolerance to frequency variations.
In [136], the oscillator model feedback gains are applied with a constant Ka(ω) and Kb(ω), i.e.,
cos(ω0Ts) and sin(ω0Ts). This implies a ﬁxed frequency oscillator model, with any deviations
from this frequency will result in decreased tracking performance. By providing a feedback path
from the PLL, it is possible to adjust Ka(ω) and Kb(ω) to correct the ﬁxed frequency oscillator
model. The resulting Ka(ω) and Kb(ω) are as follows:
Ka(ω) =
cos(ωTs)
cos(ω0Ts)
Kb(ω) =
sin(ωTs)
sin(ω0Ts)
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Figure 5.5.: Modiﬁed Kalman ﬁlter structure for synchronization with frequencies outside of nom-
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This simple modiﬁcation is shown in Figure 5.6 to oﬀer better tracking over a much wider range
of frequencies. From this ﬁgure, the modiﬁed pre-ﬁlter topology exhibits good frequency tracking
up to deviations of approximately 1.5 Hz, while the unmodiﬁed ﬁlter has diﬃculty tracking much
smaller frequency variations.
This modiﬁed Kalman-preﬁlter structure is utilized in the experimental implementation of the
SOP to perform control under unbalanced conditions, as will be shown in Section 5.4.2.
5.1.3. Modulation
In general, a VSC will produce an AC output voltage at its terminals by introducing to the AC-side
circuit one or several charged DC capacitances of a particular voltage. This is achieved through
the use of semiconductor switches and the modulation of these switches is the key to converting a
reference terminal voltage signal to a physical voltage at the VSC terminals. Diﬀerent modulation
techniques can be applied to a particular device topology to achieve this; however, some device
topologies, such as the multi-level modular converter (MMC) require speciﬁc considerations or
techniques to be utilized.
The following sub-sections brieﬂy describe the modulation techniques utilized for the studies
performed for this thesis.
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the proposed modiﬁed Kalman pre-ﬁlter topology
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Figure 5.7.: Single line diagram of converter topology test network
Sinusoidal Pulse-Width Modulation
Sinusoidal pulse-width modulation (SPWM) is a widely used modulation strategy for two-level
VSCs in which the gating of each converter leg is modulated by comparing a sinusoid of fundamental
frequency (modulating signal) with a carrier waveform. The amplitude (ma) and phase (φ) of the
modulating signal determine the amplitude and phase of the AC output voltage according to the
following relationship:
Vt,a =
1
2
Vdcmasin(ωt+ φ)
The relationship is similar for the other converter phases, with the corresponding 120o phase
shifts applied. Further details regarding SPWM can be found in [96], and a brief demonstration of
the output waveform associated with SPWM is shown in Figure 5.8.
Multi-level Modular Converter Modulation
Control of the MMC (pictured in Figure 2.7) output voltage is achieved through a selection of the
quantity of cells in the upper and lower portions of each converter leg that will produce the desired
output voltage. For example, if it is desired to produce the maximum output voltage in a 10-level
MMC, the upper 10 cells are set to output zero, and the lower 10 cells apply their full cell voltage.
The results of this modulation strategy can be seen in Figure 5.8.
It is also possible to modulate the MMC output voltage with a pulse-width modulation strategy
at each voltage step, thereby allowing for ﬁner control of the output voltage magnitude for MMCs
possessing a relatively small number of cells, however it was not explored in this work.
5.2. Operational Comparison of Converter Topologies
As discussed in Chapter 2, two diﬀerent VSC topologies are considered in this work: the two-level
three phase bridge and a multi-level modular converter (MMC or M2C). The topologies of these
two VSCs can be seen in Figure 2.7. This section will brieﬂy highlight some of the key diﬀerences
between the two. Additional practical considerations involving MMC converters can be found in
[137].
In this section, the results from comparative tests for a two-level VSC and 10-level MMC per-
formed on a simple network consisting of the VSC coupled to a 3-phase source through an inductive
ﬁlter (shown in Figure 5.7) are given. The parameters used in these simulations are as follows:
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• Vdc - The DC-link voltage is set at 19 kV
• Rf,Lf - the ﬁlter inductor is set at 25 mH with an X/R ratio of 10
• Ccell- the cell, or module, capacitance in the MMC converter (varies according to test)
• Cdc - the DC link capacitance is set to a large (100 F) value to order to ensure that the DC
link voltage is maintained for the duration of the tests to avoid introducing dynamics involved
with the closed-loop regulation of Vdc
5.2.1. Voltage Waveform Distortion
The output voltage waveforms (line-neutral) of the two-level converter and 10-level MMC are shown
in Figure 5.8. The two-level converter utilizes sinusoidal pulse-width modulation (SPWM) to realize
the fundamental voltage, with the fundamental component overlayed atop the switched waveform
in the ﬁgure. The resulting current waveform for the two-level converter shows excessively high
frequency harmonic content and would therefore be unsuitable for interfacing with the utility based
on standards set out for grid interconnection requirements such as IEEE 1547 [138]. However, with
proper design of a passive grid interface ﬁlter, the two-level converter can meet these requirements.
The design of passive ﬁlters to meet grid interconnection requirements will be discussed further in
Section 5.5.
The voltage waveform of the MMC forms a sinusoid using 10 voltage steps. Here the waveform
is observed to have much less overall distortion based on the a comparison of the output current
with that of the two-level converter. Frequency spectrum plots of the voltage waveforms for the
two converter topologies are shown in Figure 5.9. The spectrum for the two-level converter is as
expected for the SPWMmodulation strategy [139]. The spectrum of the multi-level waveform shows
the lower frequency harmonics associated with the stepped multi-level waveform. While these lower
order harmonics are less attenuated by a series inductive ﬁlter, they are of much lower amplitude
and therefore require less attenuation by the ﬁlter to meet grid interconnection requirements.
5.2.2. Cell Balancing
The MMC can output several diﬀerent magnitudes of voltage at its output terminals depending
on the on/oﬀ state of the semiconductor switches comprising the device, which determines which
of the cells are inserted into the AC circuit. Each of these voltage magnitudes can be considered
a voltage 'level'. A given output voltage 'level' of the MMC can be realized with more than one
combination of cells actively conducting. This implies that the speciﬁc cells in use to obtain a
particular output voltage can, ideally, be changed without aﬀecting the output voltage level.
Each cell in the multi-level modular converter has a capacitance, Ccell, in which the voltage
output of that cell depends. The previous studies assume an ideal or inﬁnite amount of energy in
each MMC cell, but in reality each cell will have a limited amount of energy storage. Therefore,
each cell capacitance placed in the current path will be be charged or discharged depending on the
output current polarity and magnitude. For a small Ccell, this can have a considerable aﬀect on
the voltage output waveform.
A rudimentary charge balancing algorithm was developed to show the eﬀect of charge balancing
on the output waveform. A more reﬁned charge balancing algorithm is presented in [140]. The
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Figure 5.8.: Output voltage and current waveforms of the two VSC topologies being considered
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Frequency Spectrum of L-N Voltage for 2-Level VSC (2 kHz SPWM Modulation)
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Frequency Spectrum of L-N Voltage for MMC VSC (Ideal Capacitance)
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Figure 5.9.: Frequency spectrum of the output voltage waveforms for the two VSC topologies un-
der consideration and their respective modulation techniques. Upper waveform shows
results for a 2-level converter, and lower for the multi-level modular converter
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charge balancing algorithm takes the following steps:
1. First it is determined how many cells must be on in the upper (Nmodules,upper) and lower
(Nmodules,lower) portions of the converter leg in order to realize the output voltage commanded.
2. Next, the current polarity is accounted for in determining whether the output current will
charge or discharge the upper and lower legs.
3. The cell voltages are sorted by magnitude and the topNmodules,upper and bottomNmodules,lower
are selected, assuming the current output discharges the upper cells and charges the lower
cells (visa versa if the opposite is true).
The cell voltages are sampled then checked regularly at a rate of 500 Hz, and also checked when
the voltage magnitude reference or current polarity changes. If the sort order of the cell voltage
magnitudes is the same as when last checked, the cells in use do not change.
As an example of this charge balancing algorithm, consider a 10-level MMC converter made up
of 10 upper and 10 lower cells in each converter leg, with 5 upper cells and 5 lower cells required to
realize a particular output level. While this particular 'level' is commanded, the cell voltages are
measured multiple times. At each measurement instance, the 5 cells with the lower voltage (if the
output current direction will charge those cells) or highest voltage (if the output current direction
will discharge those cells) are selected to realize that output voltage. At the next measurement
instance, those 5 cells with the highest or lowest voltages may be diﬀerent and therefore the cells
in use will be altered. Since each cell will not maintain exactly the same voltage, this results in
additional distortion in the voltage waveform.
Waveforms from a simulation performed using this charge balancing technique with diﬀerent
levels of cell capacitance are shown in Figure 5.10. In this ﬁgure it is observed, both qualitatively
by the output voltage waveform and by the presented THD percentage, that the non-ideal cell
voltages have a signiﬁcant adverse aﬀect on the quality of the output waveform. For this reason,
cell capacitance must be selected carefully in the design procedure. The cell capacitance should be
high enough to not adversely aﬀect the output waveform quality, but small enough to meet physical
size constraints.
Oscillatory modes are also observed in each cell voltage, as seen in Figure 5.11. The modes are
excited by the sudden step change in the voltage of the converter arm of a given phase, the other
two phases, and the DC-link through the link inductor. At a smaller capacitance, this ringing is
much more apparent and contributes greatly to the overall distortion of the output waveform. This
is another design consideration that should be made when selecting component values. Further
attempts to damp these oscillatory modes were not made as part of this work.
The relative contribution of this 'ringing' versus the charging and discharging of cells to the output
voltage THD was not quantiﬁed, however based on the waveform of Figure 5.10 the oscillations
seen in Figure 5.11 are prevalent whereas gradual cell discharge is not as noticeable.
Reducing the cell capacitance can of course reduce the physical volume of the MMC, an important
design consideration; however, as observed in Figure 5.11, a reduced cell capacitance can also
result in greater peak cell voltages. As the energy stored in the cell capacitance is proportional
to the square of the voltage, it is possible that a reduction in capacitance may not result in
the expected size decrease due to the requirements for higher peak cell voltages. This balance
between capacitance and voltage overshoot should be modeled when estimating component sizes.
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Terminal Voltage for MMC VSC With Varying Cell Capacitance Values
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Figure 5.10.: Resulting output voltages for diﬀerent levels of cell capacitance and the corresponding
waveform total harmonic distortion
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In addition, the charge balancing algorithm may need to rotate cells more frequently. This increased
rate of cell rotation increases the switching losses associated with normal operation of the converter.
For the remaining time-domain simulations and experimental work, a two-level VSC was utilized,
since additional work was required to provide adequate cell voltage balancing for all contingencies
tested.
5.2.3. Losses
A more detailed comparison of these converter topologies with respect to how their associated losses
aﬀect the results of time-domain and time-series simulations is given in Chapter 6.
5.3. Comparison of Network Types by Simulation
The deﬁning characteristics of a SOP were discussed in Chapter 1. These characteristics, or features,
of a SOP and how they compare with other network interconnection options are explored in this
section.
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Figure 5.12.: Single line diagram of the sample system used for dynamic operation simulations
A simpliﬁed distribution system in the general form of Figure 5.12 was used to compare the
behavior of diﬀerent interconnection options for distribution network feeders. The topology of this
simpliﬁed network, indicated in the ﬁgure, allows these diﬀerence scenarios to be achieved through
adjustment of S1, S2, and S3. The interconnection options tested include:
• NOP (Radial Network): a completely radial system with no normally open points (S1 oﬀ,
S2 oﬀ, S3 oﬀ )
• NCP (Meshed Network): a meshed system with a normally-closed point which provides
an alternative supply route (S1 oﬀ, S2 oﬀ, S3 on)
• SOP (Soft-open point connected network): use of the SOP for controllable power ﬂows
between feeder endpoints (S1 on, S2 on, S3 oﬀ )
The VSCs comprising the SOP are coupled to the grid via a simple inductive ﬁlter, with inductance
Lf = 77 mH with a switching frequency of 3 kHz. A large inductance was required in these test cases
to achieve adequate attenuation of harmonics, though it does not represent a realistic design choice
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as this inductor would be too large (physically) for implementation compared to other options. The
capability curve of the device is also restricted by this large inductance. The choice to utilize an
inductive ﬁlter for these tests was made for simplicity. In practice, higher order ﬁlters are utilized
to achieve adequate attenuation of harmonics with a reduced physical footprint. Design of higher
order ﬁlters is considered in Section 5.5, and the simulation of SOPs with higher order (LCL) ﬁlters
is demonstrated in Chapter 6.
As the SOPs are coupled with a series inductive ﬁlter only, the control strategy utilized to achieve
power ﬂow control was the simple decoupled dq-current control strategy described in Section 5.1.1.
5.3.1. Balancing of Feeder Loading
One of the advantages of the SOP is the ability to balance primary feeder loads, thereby reducing
network congestion, losses, or potentially eliminating a thermal overload condition on a given feeder.
For a step in power exported through the SOP (P1) from 0.0 MW to 0.2 MW, the resulting
waveforms are shown in Figure 5.13. After settling, the power ﬂows from the substation to Feeder
1 (Ps1) and substation to Feeder 2 (Ps2) are approximately 0.8 MW and 0.7 MW, respectively,
for the SOP-connected system. This is in contrast to the NOP-connected network where PS1 and
Ps2 are dependent on the corresponding loading on that feeder, or the NCP-connected network in
which power ﬂows are determined by the electrical impedances of the network and can therefore
not be adjusted dynamically.
Using feedback from substation measurements, it is possible to more precisely balance the power
ﬂows through the feeders by adjusting the active power reference for the converter connected at
the end of Feeder 1.
While proper network planning and use of traditional switchgear can allow for acceptable levels
of load balancing, controlling power ﬂows with SOPs allows for dynamic balancing under most
conditions. This capability can also provide ﬂexibility in planning when aiming to achieve a certain
level of load balancing as a design criteria.
5.3.2. DC-Link Regulation
The power ﬂow through each terminal of the SOP and its losses must be balanced (sum to zero)
to avoid a collapse of the DC-link voltage. One of the high-level control objectives for the SOP
is therefore to balance the power ﬂowing through the terminals. In these simulations containing a
B2B device, one VSC is dedicated to this objective. To achieve power balance, this VSC functions
as an active-rectiﬁer, i.e., actively regulates the DC voltage. This is also done for SOPs containing
additional VSCs connected to diﬀerent feeders (MT) as will be seen in Section 5.4.
In this simulation, the VSC connected to Feeder 1 changes its power reference from 0.0 MW to
0.2 MW. The DC-link voltage begins to collapse due to this change in power output. Since the
active power reference from this VSC is switched to a positive value, i.e., exporting power, the
other SOP-VSC control system begins to import power through Feeder 2 in order to maintain the
DC-link voltage at the reference level. Figure 5.14 shows the results of the simulation. The power
from SOP Terminal 2 VSC, controlled to regulate the DC-link voltage, is seen to respond to the
step in power through SOP Terminal 1 and vary to regulate the DC link voltage to 20 kV within
1s.
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Substation Load Balancing Comparison
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Figure 5.13.: Power ﬂow from substation to main feeders with labels as indicated in Figure 5.12
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DC Link Voltage During SOP Terminal 1 Power Step from 0 to 0.2 MW
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Figure 5.14.: Regulation of DC link voltage for a change in power ﬂow across SOP. Note converter
model parameters have not been set to represent realistic losses for this simulation
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5.3.3. Fault Levels
The interconnection options considered (SOP, NOP, NCP) exhibit diﬀerent behaviors for faults
occurring on a connected feeder. Considered in this simulation is a fault occurring along the length
of Feeder 1 (see Figure 5.12). Upon clearing the fault, the load on Feeder 2 is isolated from the
direct supply path from the substation. Figure 5.15 shows the results from the simulation for the
SOP-connected and NCP-connected networks. The NOP-connected network will not provide any
fault current contribution through the open-circuit link so it has been excluded from the ﬁgure. The
SOP-connected network limits the magnitude of the fault current, but the outer power regulation
control loop still attempts to raise the VSC current output magnitude in order to meet the power
reference.
The fault current contribution from the SOP is not signiﬁcant compared to the fault current
supplied by the substation. Depending on the protection system conﬁguration of the distribution
network experiencing the fault, this could be advantageous. In a radial system, the protection
system is typically not intended to experience large short circuit currents from further down the
line, and so small short-circuit contributions from the SOP may be adequately small enough so
as not to interfere with the current protection scheme on many distribution networks. On the
other hand, if a SOP is replacing a normally-closed point, i.e., in a meshed system, the protection
system likely would be designed diﬀerently and therefore fail to operate as expected unless the
SOP can provide adequate output currents in that scenario. This point should be considered in
the placement of the SOP device.
If necessary, the fault current contribution can be increased or decreased further through tuning
of the over-current limiting features of the controller. Though fault levels are dependent on the
control routine, the ability to source fault current will also depend on the low-level design of the
installed SOP. Fault current contributions in inverter-fed networks are discussed in detail in [141].
Results for faults occurring at SOP terminals are considered in Chapter 6 and thus further fault
studies will not be presented in this section.
5.4. Experimental Implementation
In order to serve as a proof of concept for the use of soft-open points in the compensation of
distribution networks, a prototype distribution network and multi-terminal SOP were realized in
the Maurice Hancock Laboratory at Imperial College London. Additional test cases were performed
on this experimental prototype in order to demonstrate the behaviour of the SOP in a real system.
These tests serve to expand on the results shown in Section 5.3 and further demonstrate that a
SOP can be implemented and operate under non-ideal conditions. Additional simulation results
involving the use of a multi-terminal SOP directly compensating substation transformers will be
presented in Chapter 6.
A high-level overview of the experimental setup is shown in Figure 5.16. This ﬁgure is intended
to show the topology of the distribution network being tested, and highlight the diﬀerences with
Figure 5.12. A more detailed illustration of the equipment involved with the experimental work is
shown in Figure 5.17. The following tests have been performed on the experimental system and
will be discussed in subsequent sections:
• Individual phase balancing through the use of single phase control.
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Fault Current Contribution via SOP or NCP
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Figure 5.15.: Fault behaviour comparing a NCP-connected with SOP-connected distribution net-
work
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• The eﬀect of peaking distribution generator output with and without compensation.
• Exposure to a balanced fault, the isolation and resupply of a feeder load, and reconnection
to the utility.
In addition to these tests, the two distribution networks, supplied by Substations A and B, were
operated with disparate frequencies in order to demonstrate the ability of SOPs to interconnect
with asynchronous networks.
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Figure 5.16.: High level overview of experimental system
5.4.1. Equipment Overview
Further details regarding the equipment used to realize the experimental system of Figure 5.16 are
shown in Figure 5.17.
The major components of the experimental system are described as follows:
• 90 kVA inverter sets (grid emulation) - The 90 kVA units are utilized to emulate the two
primary substations pictured in Figure 5.16. The 4-pole units are controlled to behave as
voltage sources with a limited short circuit current. An additional inverter is used to provide
a neutral current path thereby allowing for the supply of arbitrary unbalanced loads. The
3-pole 90 kVA units are operated as active-rectiﬁers which regulate the DC link voltage of
each back-to-back inverter set. The passive rectiﬁers are utilized for precharging the DC-link.
• 10 kVA inverter (soft-open point) - Three 10 kVA VSCs are used to realize the (three-
terminal) multi-terminal soft-open point.
• 10 kVA inverter (generator) - Another 10 kVA VSC is connected at the midpoint of a
feeder to act as a controlled source of real and reactive power, thereby emulating the presence
of a distributed generator on that feeder. The DC-link and AC supply of the DG emulating
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10 kVA unit is isolated from the 10 kVA units utilized for the SOP such that they operate as
independently as possible.
• Load banks - Three load banks are utilized to emulate aggregate customer demand on each
feeder. Load B is capable of introducing an unbalanced load.
• Fault and Fault Clearance Contactors (S1 and S2) - Contactor S2 is closed to apply a
balanced 1Ω three phase to neutral fault. Contactor S1 operates as a normally-closed switch,
which is opened to isolate Load C from the fault and substation.
The fault and feeder impedances are realized using balanced three-phase sets of inductors and
resistors of the values speciﬁed in Figure 5.17.
Real-time control of each inverter is achieved through the use of two real-time Linux computers
(referred to as target PCs). The control routine being executed is designed in Matlab Simulink
model and converted to C through an automated process then compiled for execution on the target
PCs. The use of Simulink to design the control system allows routines to be ﬁrst tested and tuned
against a simulated plant model representing the experimental equipment, then later tested against
the equipment itself. A full description of this rapid control prototyping system is available in [142]
and has therefore been omitted from this thesis.
5.4.2. Phase Balancing
In addition to the load balancing capability observed in Section 5.3.1, SOPs can also be utilized
to balance the loading of each phase if a neutral current path is provided. In this experimental
implementation, the neutral leg voltage is controlled by an additional VSC connected to the neutral-
conductor at the grid-connected terminal. This not only allows for neutral current to ﬂow, but also
allows for regulation of the neutral point voltage if desired, though this has not been performed
in this study. Phase load balancing is of particular importance in distribution networks where
unbalanced loading of feeders is a common occurrence and can result in increased network losses
[143].
Load B is set to an unbalanced load with levels of 5 kW, 3 kW and 7 kW for phases A, B and
C respectively, causing an imbalance in the current supplied by Substation A of Figure 5.16. The
eﬀect of utilizing SOP Terminal 2 to balance the three phases of this substation is shown in Figure
5.18. Here, the SOP is regulated to output zero real and reactive power, followed by a step increase
in the power output of each phase provided as an input to the single-phase control system described
in Section 5.1.2. The unbalanced control of SOP output power in turn provides a phase balancing
eﬀect on the substation current, Is1, as observed in the ﬁgure. The resulting current in the neutral
leg of terminal 2 of the SOP is shown in the lower plot of Figure 5.18.
The ability of the SOP to supply unbalanced current is limited by the rating of each converter
leg itself, the rating of the neutral leg of the converter, and the capacity and peak voltage which the
DC-link can support. In this particular test the DC-link voltage (not shown) is not signiﬁcantly
aﬀected by the level of imbalance introduced to the network.
5.4.3. Distributed Generation
As observed in Chapters 3 and 4, the installation of distributed generation into a distribution net-
work can adversely eﬀect the voltages at nodes throughout the network. The following experiment
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Figure 5.17.: Detailed schematic of experimental system
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Phase Balancing Demonstration for Unbalanced Load (L2a = 5 kW,L2b = 3 kW,L2c = 7 kW)
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Figure 5.18.: Phase balancing demonstration on prototype system
is intended to demonstrate this side-eﬀect of DG installation and also show how it is mitigated
through compensation with a SOP.
In this experiment, the DG unit on Feeder A shown in Figure 5.16 is set to step from zero
exported power to approximately 3 kW in two diﬀerent scenarios: uncompensated network (SOP
disabled) and compensated network (SOP enabled). The reactive power output of SOP Terminal
1 is controlled to regulate the voltage at the endpoint of Feeder A to a reference level (170 V).
The resulting magnitude of the voltage at the endpoint of Feeder A, V o3, is shown in Figure 5.19.
The magnitude of the voltage is calculated based on the dq-components of the voltage waveform.
As expected, |V o3| rises with the generator output in both scenarios, however in the compensated
case the SOP is able to successfully regulate the voltage back to the reference level. Increasing the
control bandwidth of the voltage regulation system reduces the magnitude of the voltage spike and
brings the voltage to the reference level more rapidly.
5.4.4. Balanced Faults
An experiment involving the introduction of a balanced three phase fault is performed to demon-
strate the behaviour of the SOP when exposed to said fault on one of the connected feeders, the
ability to supply to an isolated load via the SOP, and the subsequent resynchronization with the
grid upon clearance of the fault and reconnection.
In this experiment, the fault is applied to Feeder C by closing the normally-open contactor, S1.
The protection system in this case just consists of the normally-closed contactor S2 which is timed
to open approximately 500 ms after the fault. Opening S2 isolates Load C and SOP Terminal 3
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Uncompensated Network, DG Output Transient
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Figure 5.19.: Eﬀect of generator output on bus voltages in experimental system
from the fault and also from the supply provided by Substation B.
Unbalanced faults were not applied due to equipment limitations. The results of the unbalanced
loading test have indicated that the single-phase control system described in Section 5.1.2 is capable
of handling an unbalanced loading condition, and therefore it is expected that the SOP could be
used to supply a load should a single phase be isolated rather than all three phases. This should
be tested when verifying the performance of the single phase control strategy.
Disturbance Rejection
The voltages and currents at the endpoints of Feeders A and B (V o1,V o2 and Io1,Io2), which are
connected to the faulted feeder (Feeder C) via the SOP, are shown in Figure 5.20. The fault is
applied at time, t1 as indicated by an abrupt increase in the current supplied by the substation,
Is2. The voltages, (V o1, V o2), are not shown to exhibit any noticeable eﬀects from the presence
of a fault on the adjacent feeder in this scenario. The SOP terminals not exposed to a fault are set
to export 1 kW and 0.5 kW prior to the fault.
Despite this observation, it is still possible that a fault located closer to the terminals of the SOP
could introduce more severe transients in the SOP DC-link voltage that would aﬀect the output of
the other terminals of the SOP.
In addition, the SOP terminal controlled as an active rectiﬁer to maintain the active power
balanced required for operation of the SOP will eventually alter its output in order to regulate
the DC-link voltage, however the settling time of the DC-link control system is suﬃciently large
that the eﬀect is not observed in the 5 cycles shown in Figure 5.20. The active power exported
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the fault from SOP terminal 3 is also suﬃciently low so as to not signiﬁcantly aﬀect DC-link upon
initial exposure to the fault. The other unfaulted SOP terminals will change their output when
SOP Terminal 3 is used to supply the isolated load, as will be seen in the next sub-section.
Disturbance Rejection During LLL-N (Balanced) Fault
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Figure 5.20.: Eﬀect of a balanced fault occurring on a SOP-connected feeders
Load Restoration
One of the deﬁning features of the SOP discussed in the introduction is the ability for load to be
resupplied through the SOP connection if that load section should be isolated by the protection
system due to a fault. Figure 5.21 shows the associated waveforms for this load restoration process.
At time t1the fault is applied causing a drop in feeder voltages, thereby aﬀecting Load 3 until
the fault is cleared and supply is restored by the SOP at time t3. The duration between t2 and t3
is considered to be the time taken for the control system to detect that the load section has been
isolated and control modes must therefore be switched. At t3the controller is switched to voltage
control mode, with the details of this control mode discussed in Section 5.1.
Resynchronization
Figure 5.22 shows the waveforms resulting from a resynchronization (reconnection) test. The fault
was cleared at time t1, as indicated by the abrupt drop in substation current Is2. The next step
in the protection procedure was to reconnect the primary substation to the isolated feeder using
switch S2, which was initiated at t2. The period between t2 and t3 is the time taken for both
the communications system to activate the relays which control contactor S2, and the mechanical
172
Restoring Isolated Load During LLL-N (Balanced) Fault
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Figure 5.21.: Restoration of a load which was isolated from the main supply while clearing a fault
closing time of the contactor itself. Here another timing issue is highlighted: the control mode SOP
terminal 3 is immediately switched to a current control mode and hence the supply voltage to the
load which was previously being provided by the SOP is reduced prematurely, due to the supply
from Substation B not yet having been restored. This results in the voltage collapsing prematurely,
since the VSC is switched to current-control mode at t2 while simultaneously commanding S2 to
close.
This premature changeover of control modes should be considered in improving customer power
quality and easing the transition from isolated to grid-connected mode.
5.5. Filter Design
The implementation of power electronics at the distribution level for utility applications or to
interface distributed generation brings about a new set of challenges for the designer. If installing
in urban, or suburban areas where geographical space can be at a premium, multi-megawatt three-
phase voltage-sourced converters (VSCs) and their associated passive components will have upper
limits on their physical volume. The three primary components which comprise the bulk of the
total converter volume are the valves, the passive components (ﬁlters) and the cooling system [144].
This section addresses the issue of ﬁlter component size and proposes an alternative topology for
consideration.
For grid connection applications, the ﬁlter must be designed in order to meet regional grid
connection requirements [138] while accounting for device limitations, such as the converter DC
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Figure 5.22.: Reconnection and resynchronization to the grid after a fault has been removed
bus voltage, overall rating, and passive ﬁlter losses. Despite their simplicity, purely inductive ﬁlters
are not utilized for these applications due to the high level of inductance required in order to meet
these grid coupling requirements. The overall size will be large and the reactive power output
capabilities for a given maximum converter output voltage (restricted by the DC bus voltage) are
limited by this large inductance [145]. A widely used topology for high power, medium voltage,
motor drives is the LCL ﬁlter [144], which oﬀers similar performance with a much lower size when
compared with a purely inductive ﬁlter [145]. The trade-oﬀs for this reduction in size are an
increased component-count as well the requirement for damping the resonance inherent in this
topology. Both active and passive options for damping can be utilized [146]. In order to actively
damp via control of the inverter, it is necessary to keep the signiﬁcant resonant frequency modes
of the plant within the controller bandwidth [109], which puts further restrictions on component
selection. In addition, some passive damping is required for times in which the VSC is disabled, as
there is potential for excitation of this resonance from grid-side events such as faults or tap changes
at the primary substation.
The LCL ﬁlter topology is shown in Figure 5.23a. An additional RLC branch is included in
order to reduce the peak gain at the resonant frequency of the LCL circuit (passive damping). The
proposed ﬁlter topology is considered as an alternative to the widely-utilized LCL ﬁlter. This design
utilizes multiple shunt RLC trap ﬁlters with parameters that have been optimized with the objective
of minimizing the physical volume of the ﬁlter while still meeting performance requirements for
connection to the distribution grid. Results indicate a potential for reduction of 25-30% in total
ﬁlter volume for the scenario studied. In addition, total power losses taking place within the ﬁlter
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Figure 5.23.: Filter topologies under study
are slightly reduced.
A diagram of the proposed topology is given in Figure 5.23b. Here, (n) RLC shunt trap ﬁlters
are placed between the ripple inductor, Li, and grid-coupling inductor, Lo in order to increase
the attenuation of high frequency components sourced by the sinusoidal pulse-width modulated
waveform (SPWM) from the VSC. The use of multiple traps allows the shunt capacitor to be
removed entirely while still providing the necessary attenuation of critical harmonics. It also oﬀers
a reduction in peak stored energy, and hence physical volume, for all ﬁlter components when
compared to the standard LCL ﬁlter..
5.5.1. Component Selection and Size Estimation
Optimal selection of ﬁlter components is achieved using a custom genetic algorithm, introduced
brieﬂy in Section 2.3.4. The ﬁtness (cost function) of a given individual (feasible point in solution
space) is evaluated according to the size estimation method to be described. It was observed in
preliminary studies that the genetic algorithm converged to a global minimum (for an arbitrary
number of traps) with the traps tuned to multiples of the switching frequency. Based on this,
subsequent studies restricted the solution space to these harmonics, as opposed allowing arbitrary
frequencies across the spectrum. This removed a dimension from the problem, as the inductance
(Ltn) and damping resistance (Rtn) could be varied and the capacitance calculated depending on
the harmonic order of the trap. Results for a two-trap and three-trap ﬁlter are presented in this
section as they were found to demonstrate the desired attenuation of harmonics while oﬀering a
more signiﬁcant size reduction than that of a single trap ﬁlter. The resulting global minimum size
converged to by the genetic algorithm was observed to increase after n=3, thus results for ﬁlters
with greater than three traps are not presented.
Exact size estimation is challenging due to variations in manufacturer processes, as well as
taking into account how the cooling system scales with losses and volume. To generate an initial
estimate however, the peak energy stored in a reactive component can be considered proportional
to the size of that component. Some techniques were considered for the estimation of inductor
and capacitor volume based on peak energy requirements [54]; however, it is also possible to use
manufacturer data for passive components with similar rating for similar applications to deﬁne a
constant ratio of volume versus energy. Final realizations of components are not likely to follow
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Figure 5.24.: Size based on peak energy, passive component losses
this linear scaling, but it oﬀers a good approximation of the relative scaling of inductor volume
with peak energy versus capacitor volume with peak energy. These relationships were critical to
the component selection during the optimization procedure. If the ﬁtness was solely based on peak
reactive energy levels, results would vary from those presented since they do not take into account
the diﬀerences in scaling between inductors and capacitors. The scaling factors utilized are 1.11m
3
kJ
for high power inductive elements and 0.54m
3
kJ for capacitive elements, a ratio of approximately 2 to
1. These scaling factors were obtained through the consideration of manufacturer data sheets for
reactors and capacitor banks suitable for this application. By taking into account this diﬀerence in
energy/size proportionality when performing the optimization, a better component selection, with
respect to ﬁlter volume, is achieved.
To perform an initial size estimate with a low computational cost, the system is characterized
in the frequency domain for the spectrum of interest; that is, at all signiﬁcant harmonics of the
SPWM VSC terminal voltage waveform (an example waveform is shown in Figure 5.29), including
all side-band components. This allows the signiﬁcant peak currents and voltages in all reactive
components to be calculated in order to give an estimate of peak energy, utilizing the relationship
Ec =
1
2CV
2 and EL =
1
2LI
2. During the optimization procedure, only one VSC operating point is
used to calculate the peak energy in all reactive components in order to reduce computation time;
speciﬁcally, the modulation index and phase angle reference for the SPWM unit is set such that
the VSC delivers its rated apparent power (12 MVA) with a power factor of 0.85.
After the optimization procedure converges, a more accurate estimate of peak inductor currents
and peak capacitor voltages is obtained by considering all feasible VSC operating points, i.e., all
inverter terminal voltage phase angles which do not exceed the speciﬁed rated inverter output
current or maximum inverter fundamental output voltage for a given modulation index, ma. To
further improve accuracy, the peak values are obtained in the time-domain based on a real SPWM
voltage waveform. Out of these operating points, the largest peak current/voltage for each reactive
component of the ﬁlter is selected and this ﬁgure is used for attaining a size estimate.
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5.5.2. Design Constraints
In the LCL ﬁlter of Figure 5.23a, Li, Lo and C are selected in order to meet the grid connection
requirements speciﬁed by the IEEE 1547 grid interconnection standard [138] while minimizing ﬁlter
volume and ensuring the losses in the passive elements do not exceed a certain threshold. The single
RLC trap is tuned to the resonant frequency of the LCL set.
The proposed multiple-trap topology has additional parameters available for tuning including the
resonant frequency of the trap, the damping resistance (Rtn), and capacitance (Ctn) . These pa-
rameters were selected to meet grid-interconnection requirements while meeting design constraints.
Violation of any constraints is interpreted as a large penalty to the ﬁtness of a given individual
during the genetic algorithm procedure. The equivalent series resistance (ESR) of the capacitor
components is considered negligible and an X/R ratio of 50 for all inductive components is assumed.
A DC bus voltage of 20 kV is used, which is adequate for grid-coupling utilizing SPWM at the
medium voltage (11 kV) level. A 2-level VSC with a switching frequency of 1950 Hz is considered.
Note that if a multi-level converter topology is considered as opposed to a 2-level, it is possible
to reduce the size of the ﬁlter further due to the reduced high frequency harmonic content and
reduced requirement for harmonic attenuation.
Constraints involved in parameter selection during the optimization procedure are as follows:
• the maximum reactive power that can be sourced for grid support (for a ﬁxed DC bus voltage)
- limits have been placed such that for a given DC bus voltage, the converter can source
reactive power with a power factor of 0.75. The maximum supplied reactive power is limited
by a combination of the DC bus voltage as well as the total series inductance in line with the
point of grid coupling, thus Li and Lo should be selected to allow for a reasonable level of
reactive power support in this application.
• the total harmonic distortion (THD) for high order harmonics, calculated based on a 2-level
VSC switching at 1.95 kHz utilizing sinusoidal pulse-width modulation. THD is calculated
based on dominant harmonics associated with this PWM waveform during the optimization
procedure to reduce computational time.
• The peak gain at any ﬁlter resonant frequency is limited to below the gain at the fundamental
frequency (50 Hz) in order to ensure ﬁlter will be appropriately damped.
In order to speed up the genetic algorithm process, an initial population set is generated such
that the components (R,L,C) are limited to a realistic range (from 0+ to a reasonable ﬁnite
inductance or capacitance). Also a given individual solution is eliminated if the total worst case
losses in the passive components of the ﬁlter exceed 200 kW, which was found empirically to be a
reasonable threshold for this application based on previous non-optimized ﬁlter designs performed
in preliminary studies. The worst case loss scenario is found through consideration of a range of
feasible operating points.
It is worth noting that the ripple inductor (Li) is often selected as an initial design step to meet
a speciﬁed level of current ripple, accounting for the the rated converter output current, Ii, plus a
crest factor which varies with the frequency and DC bus voltage being utilized [147]. Optimization
and simulation results indicated a greater reduction in size (as well as a stable closed-loop control
system) was found when allowing the ripple inductance to be varied, and thus this initial design
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Figure 5.25.: Size breakdown of ﬁlter reactive components for topologies being compared
Param Description LCL n=2 n=3 LCL n=2 n=3
Li Ripple inductor 3.9 mH 3.9 mH 2.1mH 10 mH (ﬁxed) 10 mH (ﬁxed) 10 mH (ﬁxed)
C Shunt ﬁlter capacitance 108 µF N/A N/A 80µF N/A N/A
Lo Grid coupling inductor 5.0 mH 2.7 mH 3.4mH 2.6 mH 1.6 mH 1.2 mH
Rt Shunt trap resistance 4.88 Ω 0.1Ω,0.87Ω 0.2Ω,4.85Ω,0.18Ω 24.6Ω 0.1Ω,0.78Ω 0.1Ω,0.31Ω,1.39Ω
Lt Shunt trap inductance 23.6 mH 590µH, 60µH 410µH,102µH,33µH 16.5 mH 675µH,64µH 1.3 mH, 422µH,85µH
Ct Shunt trap capacitance 10 µF 13µF, 28µF 16.3µF,16.3µF,22.4µF 10µF 9.9µF,26µF 5µF,3.9µF,8.7µF
V Size estimate 20.72m3 13.65m3 12.45m3 26.63 m3 21.97 m3 20.36 m3
Pl Worst case losses 78 kW 72 kW 71 kW 144 kW 115 kW 107 kW
Table 5.1.: Optimization results including constant Li
step was not considered for most of the results presented. Results for a ﬁxed ripple inductance of
10 mH are given, however, in Table 5.1 for comparison purposes. The ripple inductance of 10 mH
at the speciﬁed switching frequency and DC voltage level results in a ripple magnitude of 20% of
the nominal output current.
It is emphasized that when allowing the tuning of the ripple inductance during the optimization
procedure, the peak current, including all harmonic components, is still considered, i.e., accounting
for crest factor in components. The resulting solution showed a larger ripple current magnitude
(lower inductance than 10 mH) to provide an overall size reduction. The switching frequencies
associated with utility-scale power electronics must be kept low to reduce switching losses, and
thus the eﬀect of a large high frequency ripple current, in terms of magnetic core losses, are not as
signiﬁcant in the ﬁlter design as compared with high frequency switch-mode power supply design.
5.5.3. Optimization Results
Results of the optimization procedure are presented in Table 5.1. The parameters are given along
with size and loss estimates for the case in which the ripple inductor is assigned a constant value as
an initial design step. Figure 5.25 shows the results of Table 5.1 in graphical form. The resulting
waveform THD for various frequency bands, obtained via time-domain simulation, is given later in
this section (Figure 5.30b).
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The worst case overall ﬁlter losses amongst all feasible operating points are also shown in Table
5.1. The total losses depend primarily on the number of traps as well as the damping present in
each trap. In addition, the losses associated with the ﬁlter when the inverter is oﬀ, or exporting
no power, are reduced for the multiple-trap case.
It is acknowledged that the additional shunt branch in the LCL topology will contribute to the
overall volume and losses, but it is again emphasized that for utility applications the ﬁlter should be
passively damped in order to damp resonance phenomena due to large grid-side transients. Another
alternative which provides passive damping would be either to increase the resistance of the induc-
tive branches, thereby markedly increasing the total losses in the ﬁlter, or increasing the resistance
in series with the shunt capacitor. Using a resistor in series with the capacitor could provide the
necessary damping without the additional L, C components, but as the shunt capacitative branch
represents a much lower impedance to the fundamental component when compared with a tuned
RLC with a reasonably high quality factor, the resistive losses will be much greater. Increasing the
resistance in series with the capacitance also reduces the eﬀectiveness of the ﬁlter and increases the
sensitivity to the grid impedance [148]. It is for these reasons that it was decided to benchmark
against a LCL system passively damped with a tuned RLC trap in lieu of these other alternatives.
The percentage size of each reactive component is shown in Figure 5.25. It is noted that the
inductive elements of the shunt traps for both the LCL ﬁlter and proposed topology account for an
insigniﬁcant portion of the total estimated size. This is due to the fact that the peak currents in
these shunt branches are relatively small and thus the peak stored magnetic energy will also be small.
Since the physical volume is considered to be proportional to the peak stored energy, this results in
a small contribution from these inductors to the overall size of the ﬁlter. Secondary eﬀects such as a
dead-time in the switched voltage waveform were included in calculating the volume. Deadtime in
the switching waveform will introduce low order harmonics to the system [149], as shown in Figure
5.30a. These low-order harmonics will be absorbed by the shunt trap ﬁlters; especially in the case
of the LCL topology since the RLC trap is often tuned to a low frequency. Taking this phenomenon
into account causes the peak currents in Lt to be higher. Despite modeling these secondary eﬀects,
it is likely that a physical realization of these inductors would still be larger than this estimate due
to minimum clearances required at these voltages. These considerations were not modeled, but as
the shunt trap comprises a small portion of the overall volume, it is not considered to be signiﬁcant
to this study; the eﬀect on reducing the volume of the series ﬁlter components with the presence
of these shunt traps is the primary concern.
Also observed in Figure 5.25 is that the RLC trap accounts for less than 4% of the volume of the
benchmark case. This suggests that including the RLC trap to damp the LCL circuit resonance
does not signiﬁcantly aﬀect the overall size of this topology.
5.5.4. Sensitivity Analysis
Figure 5.26 shows a comparison of frequency responses for the three ﬁlter topologies being com-
pared. The optimal parameter values speciﬁed in Table 5.1 are used to generate this ﬁgure. The
transfer function plotted, IoV t(s) , is the output current to the VSC terminal voltage.
Also included in the ﬁgure are the frequency responses obtained when additional series impedance
of the grid is added at the output. The additional grid coupling inductances considered were 0.5 mH
and 5 mH with a X/R ratio of 2. This ﬁlter is being considered for distribution level applications
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so a low X/R ratio is used. The results indicate some sensitivity of the ﬁlter to the level of grid
coupling; however, overall attenuation tends to increase with weaker coupling. This suggests that
a zero grid impedance represents the worst case scenario for THD and justiﬁes quantifying the
results using this assumption.
In addition, the resonant peaks move towards a lower frequency with weaker coupling, potentially
further within the control bandwidth. This observation could be of aid if designing the control
system to perform active damping [134].
5.5.5. Modeling and Control
This section will demonstrate the control of a VSC utilizing the ﬁlter topologies under study in order
to demonstrate that a stable current control system can be achieved with the proposed multiple
trap ﬁlter.
A generalized state space model of the multiple trap ﬁlter is given in Equation 5.4 with the
symbols referring to those quantities shown in Figure 5.23b. This model is utilized both for control
design and to present the frequency response of the ﬁlter shown in Figure 5.26. By transform-
ing this model into dq-form, control design in the rotating reference frame can take place. This
transformation is straight-forward and thus is excluded from the text.
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(5.4)
Control of the inverter output current can be achieved with a decoupled rotating frame current
control, as shown in Figure 5.1. As previously mentioned, the controller consists of a PI controller
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to regulate the d and q-axis currents as well as a decoupling term to allow for independent control
of these two quantities. In this case, the decoupling term neglects the coupling present in the shunt
ﬁlter elements, i.e., capacitor and trap in LCL ﬁlter and trap components in the multiple trap
ﬁlters. This is a valid assumption if it is considered that this shunt path will be of suﬃciently high
impedance with respect to the 50 Hz component.
Figure 5.27a shows the resulting open-loop phase/gain for the control system with the chosen
controller gains (Kp,Ki) for a two-trap ﬁlter (n=2). A stable system is achieved with a phase
margin of approximately 85 degrees.
The closed loop transfer function is shown in Figure 5.27b, indicating a control bandwidth of
25 Hz. This bandwidth is adequate for the control of the fundamental waveform in the rotating
reference frame since the controlled signals will ideally be DC. When utilizing active damping,
further control design will be necessary to allow control of higher frequency components; however,
for the purposes of demonstrating a stable closed loop control system utilizing a multiple-trap ﬁlter,
this control bandwidth is adequate.
5.5.6. Simulation Results
Results from a time-domain simulation of the controlled system step response using Matlab Simulink
are shown in Figure 5.28. In this ﬁgure, results for two ﬁlter types (n=2 and n=3) are shown, both
utilizing the same controller gains. Also shown is the step response from the analytical state space
model presented earlier in this chapter. Response time is similar for both model and simulation,
with discrepancies mainly accounted for by the coupling between d and q-axis components, which
is not accounted for in the state space model. Also observed is that both ﬁlter types have a similar
response for the same controller gains. This is expected, as the shunt elements should have little
eﬀect on the control of the 50 Hz component.
Results of simulations demonstrating the control of an inverter utilizing the proposed multiple-
trap ﬁlters are shown in Figure 5.29. The results show the relevant stationary-frame waveforms
obtained in simulation utilizing the controller of Figure 5.1. As mentioned previously, the VSC is
switched at 1950 Hz utilizing SPWM with a DC bus voltage of 20 kV. The rating of the VSC is 12
MVA corresponding to a nominal phase current of approximately 850 amps.
As previously mentioned, one of the eﬀects of switching dead-time the addition of lower order
harmonics to the terminal voltage waveform. To study this eﬀect, a dead-time of 10 µs is consid-
ered. It is noted that this is an non-typical dead-time if considering modern insulated-gate bipolar
transistor (IGBT) semiconductors, and thus these secondary eﬀects on voltage waveform harmonics
presented are exaggerated.
The resulting output current is shown in Figure 5.30a. Here it is seen that the low order harmonic
resonance peak, observed in Figure 5.26, is being excited by the low-order harmonics present
due to the switching dead-time. Figure 5.30b shows the THD for each section of the spectrum,
corresponding to the limits proposed in [138]. It can be seen that the presence of a large dead-time
is suﬃcient to increase the harmonic levels (for the n=3 case) beyond allowable limits.
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Figure 5.27.: Frequency response associated with chosen gains for current control system (n=2)
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5.6. Conclusions
This chapter brieﬂy touched on and compared diﬀerent control strategies and VSC designs for
possible use in the implementation of SOPs.
It was shown that the MMC oﬀers less waveform distortion and lower switching losses at the
cost of an increased device count and the requirement for balancing individual cell voltages. The
balancing of cell voltages is shown to be of prime importance in the control of MMCs, and choos-
ing cell capacitance improperly can result in signiﬁcant distortion in the output voltage waveform.
Thus, while reducing cell capacitances can reduce the overall volume of the MMC converter, con-
siderations in regards to the balancing of cell voltages must be made in order to ensure that the
MMC will operate as intended. Due to the additional complexity associated with the balancing
of cell voltages, the remainder of time-domain simulations and experimental work were performed
using a simpler two-level VSC topology.
Comparison of the use of SOPs with NOPs and NCPs as a high-level interconnection device
was performed with time domain simulations. It was demonstrated that the back-to-back version
of a SOP can achieve the deﬁning characteristics outlined in the introduction to this thesis. The
drawbacks to meshed and radial network types were also highlighted.
The implementation of a multi-terminal SOP in a scaled down prototype distribution network
was performed to serve as a proof of concept for SOP operation in a number of non ideal scenarios.
The scenarios tested included the interconnection of asynchronous networks, peaking distributed
generator output, unbalanced loading, and fault conditions. The experimental implementation was
found to operate as expected for the tests performed.
Using estimation based on a stored energy per unit volume, multiple trap ﬁlters were found
to show a decrease in power losses along with a size reduction of 25-30% in comparison with an
LCL ﬁlter topology. The results of a genetic algorithm based optimization procedure are somewhat
intuitive, in that they have suggested that tuning the multiple traps to the most signiﬁcant harmonic
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184
components of the voltage-sourced converter waveform results in the smallest ﬁlter size while still
meeting grid connection requirements. While this chapter has given results based upon a sinusoidal
pulse-width modulated waveform, the same idea could be applied in order to ﬁlter dominant high
frequency harmonics from other switching strategies.
The proposed ﬁlter topology has been veriﬁed operate in time-domain simulations for both two
and three trap topologies when utilizing a basic decoupled rotating-frame current control system.
It is therefore possible to achieve the controlled exchange of real and reactive power, thus allowing
for the interfacing of distributed generation or other types of real and reactive power compensation
devices.
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6. Substation Transformer Compensation
The placement schemes outlined in Chapter 3 tend to favour the siting of SOPs closer to feeder
endpoints to maximize supply restoration capability and increase the control capability over network
voltages. SOPs can also be used to compensate substation transformers directly through installation
directly at the primary substation site. The primary goal of implementation at primary substation
sites is to balance transformer loading, which is especially important in dense urban areas where
substation transformers tend to operate near their rated capacity. For this reason, an emphasis
will be on considering compensation in load growth scenarios.
In this chapter, issues speciﬁc to the use of SOPs at transformer terminals are explored through
the use of time-domain and time-series simulations. It is reminded that a time-domain simulation
refers to a full electro-magnetic transient simulation of the converter model with a sample period
on the order of microseconds, whereas a time-series simulation involves a series of steady-state
solutions with time instances separated by seconds, minutes, or days. In the time-domain simu-
lations performed, each SOP terminal consists of a 2-level VSC connected to the AC side via an
LCL ﬁlter with a tuned trap speciﬁed to damp the LCL ﬁlter resonant frequency. The time-series
studies consider other VSC topologies in addition to the 2-level converter in order to evaluate which
device is appropriate for this purpose. A number of the observations made here in comparing VSC
topologies are also applicable to SOP installation elsewhere in the network.
6.1. System Overview
A single-line diagram of the network under study is shown in Figure 6.1. The secondary windings
from two transformers at Substation A are connected to two SOP terminals, while the other SOP
port is connected to a secondary winding on Substation B. In order to ensure that simulations
account for a phase shift in the source supplying each separate substation, a phase diﬀerence of 5o
is set for the two supply voltages (V s1 and V s2). This phase shift is utilized in all tests presented
in this chapter.
In time-domain simulations, the loads are represented with controllable constant-power loads
with a power factor of 0.95 inductive. It is noted that these loads are intended to represent an
the entire distribution network feeder connected to the transformer terminal, rather than a load
connected at the terminal. Feeder impedances and any isolating devices are considered to be
lumped with the loads, and therefore not shown in the ﬁgure.
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Figure 6.1.: Single line diagram showing simulated network topology
The network consists of the following primary components:
• Load A, Load B, and Load C - represent the total loading at each transformer secondary
winding
• Transformer A (TF A), Transformer B (TF B), and Transformer C (TF C) - are the trans-
formers used to supply the corresponding loads as well as interface with the SOP
Also shown in 6.1 is the location of the SOP device itself. A multi-terminal SOP is used for this
study in order to allow demonstrations of single substation compensation alongside inter-substation
compensation via an AC- or DC-link.
The SOP is connected such that each port can be isolated from the connected transformer
secondary using isolation switches S1-S3. A set of normally-open bypass switches, S4-S6, which
allow for direct connection to adjacent MSS secondary windings is also included in the model.
These bypass switches also allow the restoration of supply to loads via mechanical switchgear as
an alternative to the SOP. The location of S1-S6 is indicated in Figure 6.1.
The topology of each SOP terminal is illustrated in Figure 6.2. Each of the terminals in the
block diagrams of Figures 6.3 and 6.4 contain identical VSC and ﬁlter topologies to that of Figure
6.2. The internal VSC topology, e.g. 2-level or 12-level MMC, is varied according to the study
performed.
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Figure 6.2.: Layout of each individual SOP terminal including VSC and ﬁlter components
6.2. Interconnection of SOP Terminals
As described in Chapter 2, the multi-terminal and back-to-back implementations of the SOP allow
for the interconnection of two grid nodes via an AC-link or a DC-link. This section will consider
further the additional requirements associated with the use of a DC-link for interconnection.
6.2.1. AC Link Between Substations
Three inverters are connected to a common DC bus, as shown in Figure 6.3. Each inverter is
supplied with an input signal for control as follows:
• Pref - active power requested to be supplied/absorbed by the inverter unit
• Qref - reactive power requested to be supplied/absorbed by the inverter unit
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Symbol Description 2-level 5-level 13-level
Li ﬁlter input stage (ripple inductor) inductance 10 mH 2.5 mH 1 mH
Lo ﬁlter output stage (coupling inductor) inductance 5.3 mH 5.3 mH 5.3 mH
C ﬁlter capacitance 120µF 120µF 120µF
Rt trap ﬁlter damping resistance 20Ω 20Ω 20Ω
Lt trap ﬁlter inductance 41.4 mH 20.3 mH 10 mH
Ct trap ﬁlter capacitance 10µF 10µF 10µF
Table 6.1.: Filter parameter values for time-domain and time-series simulations of VSC converter
studies
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Figure 6.3.: Inverter layout including DC bus
In the AC substation link scenario, the SOP consists of three main units: SOP Terminal 1,
SOP Terminal 2, and SOP Terminal 3 which interface directly with Load A, Load B and Load C
respectively.
For the time-domain simulations performed, each VSC is modeled as a two-level three-phase
half-bridge. The time-series simulations consider other low-level topologies for the VSC. In all
simulations, the inverter is coupled to the grid via an LCL ﬁlter with component values selected
to meet grid interconnection requirements for THD. The parameters used for the 2-level converter
are speciﬁed in Table 6.1. Component values for the other VSC topologies will diﬀer due to the
diﬀering terminal voltage waveforms; the component values for these other VSC topologies (5-level
and 13-level) are speciﬁed in Table 6.1 as well.
The eﬀective switching frequency, fsw, of 2 kHz was used in all converter designs for determining
switching losses. In addition, the power rating of the converters is set to Sv = 12 MVA with a
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nominal DC-link voltage (Vdc) of 20 kV for these studies. In time-domain simulations of the 2-level
converter, a DC-link capacitance of 5000 µF is used, however it is noted that it is possible to
reduce the size of this DC-link capacitor further depending on requirements for unbalanced phase
operation. All inductors are considered to have an X/R ratio of 100.
6.2.2. DC Link Between Substations
Another option for the transfer of power between substations is to install a DC interconnection
rather than AC. The primary concern with this option is the potential for faults on the intercon-
necting DC cable or overhead line. These faults are an issue because a standard converter will
inherently feed a fault on the DC-link through its freewheeling diodes and thus there is the poten-
tial for damage to semiconductor components even if AC-side protection exists. By controlling the
power ﬂow on this DC link with two additional DC-DC converters at each end, it is possible to
transfer power between substations as well as rapidly reduce or block DC-side fault currents.
In Figure 6.3, the inverters are shown to share a common DC bus. Now, consider Figure 6.4 in
which an additional block has been inserted between Inverters 1/2 and Inverter 3 containing the
DC-DC converters to control the link as well as a lumped component model of a DC-cable.
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Figure 6.4.: Controlled DC link between Inverter 1/2 and Inverter 3
The DC-link consists of a 2-quadrant DC-DC buck, or step-down converter (left side) for regula-
tion of the 'link' voltage, as well as a 2-quadrant boost, or step-up stage (right side) for regulating
the DC-link voltage on the other end of the link. Both the buck and boost stage require ﬁlters
with parameters selected to limit the voltage and current ripple present on the link. This conﬁg-
uration allows for bi-directional power ﬂow between each end as well as fault current level control
or interruption.
The parameters of the additional components associated with the controlled DC link are as
follows:
• fsw- buck and boost switching frequency, 2 kHz
• Sbuck- buck stage rated power, 12 MVA
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• Sboost- boost stage rated power, 12 MVA
• Vdc- Nominal DC link voltage, 20 kV
• Lfilt1- ﬁlter input stage (ripple inductor) inductance, 15.625 mH with X/R ratio of 100
• Lfilt2- ﬁlter output stage (coupling inductor) inductance, 15.625 mH with X/R ratio of 100
• Clink1- combined ﬁlter capacitor and line capacitance, 50µF
• Clink2- combined ﬁlter capacitor and line capacitance, 50µF
• Lline- DC cable inductance, 1 mH with losses neglected
• Cdc- total DC capacitance at output, 5000 µF
6.3. Load Balancing Controller
The load balancing controller uses transformer output and SOP output power measurements to
determine the present transformer loading condition, and then equally distribute the load amongst
the three transformers by adjusting the active power supplied/absorbed at the associated SOP
terminal.
A deadband can be inserted in which power balancing is only activated when a certain level
of imbalance is reached, or to only activate in order to prevent a substation transformer from
exceeding its rating. This prevents the SOP from operating continuously if undesired. The eﬀect
of dead-band operation is considered with time-series simulations in Section 6.4.2.
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Figure 6.5.: Transformer load balancing controller
One possibility for maintaining the DC-link voltage is to operate one unit as an active rectiﬁer,
which will still allow for the balancing of transformer loading but also compensates for losses
incurred in the converters themselves. For the time-domain simulations performed, two of three
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units (SOP Terminals 2 and 3 ) will operate to balance the load utilizing the load balancer of Figure
6.5 while the other unit (SOP Terminal 1 ) is operated as an active rectiﬁer. Active rectiﬁcation
is achieved with PI control set to regulate the DC link voltage by controlling the active power of
SOP Terminal 1. This is shown in Figure 5.3. It will be shown that the unit operating as an active
rectiﬁer automatically supplies the necessary power to maintain the power balance condition, with
a slight oﬀset to overcome the overall losses in the converters. This conﬁguration is similar to that
seen in the experimental testing of Section 5.4, but now operating in conjunction with the load
balancing controller directly at the transformer terminals.
The power reference is converted to a dq-current reference and used with the current control with
active damping, discussed in Section 5.1. This control strategy was chosen because the topologies
under consideration utilize an LCL grid interface ﬁlter.
6.3.1. Simulation Results
The results of the time-domain simulations utilizing the load-balancing controller are be presented
in this sub-section.
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Figure 6.6.: Load sharing simulation results
This simulation is intended to demonstrate the transformer load balancing capability oﬀered by
the SOP. This capability is demonstrated by utilizing the balancing controller of Figure 6.5 and
adjusting the loading conditions present on each main feeder. The results are shown in Figure 6.6
and descriptions of the time intervals of interest are given in Table 6.2.
The SOP is shown to be capable of balancing the load amongst the transformers dynamically,
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more quickly than would likely be required in its application where changes in aggregate demand
occur on the order of minutes. During the shift in power delivery by the SOP, the DC-link voltage
is maintained by one of the SOP inverters.
Inverval/Time Description
t1 SOP Enabled
t1-t2 Transformer loads balanced according to initial loading condition
t2-t3 Load 1 reducing from 12 MVA to 4 MVA
t3-t4 Transformer loads rebalancing for new loading condition
t4-t5 Load 2 increased from 4 MVA to 12 MVA
t5-t6 Transformer loads rebalancing for new loading condition
t6-t7 Load 3 decreased from 20 MVA to 8 MVA
t7-end Transformer loads rebalancing for new loading condition
Table 6.2.: Load sharing simulation timeline
Load sharing across a DC link is also demonstrated. Figure 6.7 shows a load sharing simulation
in which the power delivered by each transformer is equalized, similar to the results shown in Figure
6.6 for two SOP systems: one with an AC link between substations and one with a DC link as
described in Section 6.2.2. These results show that the same power transfer and load balancing
functionality is achievable with a controlled DC interconnection in place. A DC interconnection
voltage of 15 kV was used to demonstrate the possibility of operating the DC interconnection at
a diﬀerent voltage than the VSC DC-link, i.e., the DC-DC converter stages step down the local
DC-link voltages from 20 kV to 15 kV.
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Figure 6.7.: Load sharing simulation results for SOP systems with AC link between substation (left
column) and DC link between substations (right column)
The DC interconnection is also controlled to ensure that the bus voltage at both ends remains
at the nominal level (20 kV) despite power transfer between substations. Figure 6.8 shows the
operating values of the DC interconnection (of topology shown in Figure 6.4) for the same load
sharing transient test shown in the right column of Figure 6.7. As the power delivered from each
SOP port is changed, so is the DC link voltage at both ends. SOP Terminal 1 in conjunction with
the controlled DC cable link works to return the voltage to nominal as shown in the Figure. As
the power transfer from Inverter 3 increases to support Transformer 3, so does the current ﬂowing
in the DC cable (from 0 to 600 amps at 15 kV) while the DC cable voltage is regulated to 15 kV.
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Figure 6.8.: Operating values on controlled DC cable link for load sharing transient
The ripple current and voltage on the DC interconnection at steady state for nominal power
transfer (12 MW) is shown in Figure 6.9. This Figure shows the ripple over two switching cycles (1
ms), and indicates the maximum and minimum levels of current and voltage for this duration. The
simulation results indicate a current ripple of approximately 2.23% and voltage ripple of 0.75%
when the system is operating with closed-loop control to regulate the DC cable and DC output
voltages. Without control, i.e., duty cycles are set constant to achieve nominal DC voltages, a
current ripple of 2.12% and voltage ripple of 0.71% is observed. This suggests that the ripple
levels observed with closed-loop control active may be higher due to interactions between the
controller and plant (DC link and interconnection components). Tuning of the DC link control
system should allow ripple levels to approach that of the open-loop case in a controlled system.
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Figure 6.9.: Ripple current and voltage values
6.4. Eﬀect on Substation Losses
This section considers the eﬀect that SOP implementation will have on the overall losses incurred
at the substation. This includes the losses of the substation transformers as well as the losses in
the SOP itself. It was anticipated prior to the study that additional losses will be incurred over the
uncompensated case, as the SOP has a lower eﬃciency than the substation transformers themselves.
This study attempts to quantify these additional losses that are incurred through compensation
with SOPs in order to compare the diﬀerent VSC topologies under study. A number of high level
control options aiming to reduce these additional losses are also explored.
The loss estimates at diﬀerent converter loading conditions for the topologies considered (2-level,
5-level and 13-level) were speciﬁed in Table 2.2 of Chapter 2. This study uses a even larger number
of data points than shown in the table in order improve the accuracy of the total substation loss
estimate. Some assumptions about the operation of SOPs were used in calculating the losses in
the time-series studies:
• If the SOP inverter output current is calculated to be approximately zero for a given operating
condition, it is assumed that the inverter would be disabled, i.e., no gating commands are
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sent to inverter device. Hence, switching losses associated with the inverter are eliminated
(however ﬁlter and damping losses from the SOP are included).
• The substation transformer being considered is a 135 kV to 11 kV unit with two secondary
windings. The conduction losses a typical transformer of this type are quoted at 380 kW
total, or 190 kW per secondary if the assumption that the bulk of conduction losses occur on
the secondary windings is made. At rated current, this corresponds to a series resistance of
approximately 25.4mΩ on each secondary winding.
• The power factor of all aggregate loads is maintained at 0.85.
• The SOP total MVA output of each inverter is restricted to 12 MVA, so as not to exceed
the inverter rating despite the substation transformers potentially requiring greater levels of
compensation.
• The SOP will always attempt to reduce a transformer load to below its rated level (30 MVA)
regardless of the high level control mode being used, e.g., even if it would result in increased
overall losses the SOP will still compensate an overloaded transformer.
• SOP losses are dependent on the apparent power (MVA) output regardless of power factor.
This is based on the assumption used in the loss calculation, which considers diode and IGBT
losses as equivalent.
Since the goal of SOP compensation is to aid in balancing substation transformer loading, quan-
tifying the net substation losses as the disparity in transformer loading increases can show the
eﬀects of this compensation with respect to net losses. This relationship is shown by plotting the
total losses incurred at the substation (transformer and SOPs included) against a metric deﬁning
the disparity in loading amongst the substation transformers. The metric used to quantify this
disparity in loading will be referred to as the 'spread'. The 'spread' is deﬁned as the percentage
diﬀerence between transformer loading, e.g. three transformers with a total load of 75 MVA and
a spread of 10% would have loadings of 22.5 MVA, 25 MVA and 27.5 MVA. At 0% spread all
transformer loads would be equal.
Figure 6.10 shows the resulting total substation losses versus diﬀerent spread percentage values.
Four diﬀerent control modes are considered in order to determine their eﬀect. These control modes
are deﬁned as follows:
• No reactive power compensation - the reactive power supplied from the ﬁlter capacitor
as part of the SOP inverters is absorbed by the SOP in order to eliminate any reactive power
support by the SOP to the transformer and network load. Hence, the SOP is always operating
(absorbing reactive power) regardless of the transformer load spread.
• Filter capacitor reactive power compensation - the reactive power from the SOP ﬁlter
capacitor is no longer absorbed by the SOP but supplied to the network instead. Hence, when
no power is requested from the SOP to balance the loads (i.e., spread at 0%), the inverter is
disabled. It should be noted that the 5-level and 13-level inverter options are able to supply
more reactive power than the 2-level due to the reduction in ripple inductor size.
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• Optimized reactive power compensation - the level of SOP reactive power output is
optimized in order to minimize the possible losses whilst still perfectly balancing the trans-
former loading. This enables continuous balancing of the transformer loading while using
the additional ﬂexibility aﬀorded by reactive power control to provide some additional loss
reduction. The SOP reactive power output used as decision variables for the optimization
process, with the optimization procedure based on that described in Chapter 3.
• Optimized SOP output for loss reduction - this optimized control mode does not at-
tempt to perfectly balance transformer loading, but is set instead to minimize losses. Both
the real and reactive power ﬂow of the SOP are used as decision variables for an optimization
routine with the objective function set to minimize net losses, subject to constraints. In
general, the SOP controller is observed to keep the SOP disabled until the spread is increased
to a level such that a transformer experiences an overload and some level of compensation is
required.
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Figure 6.10.: Net substation losses when load balancing using diﬀerent operating modes, VSC
topologies, and disparity in loading. Total load of 75 MVA is considered.
Figure 6.10 also indicates the diﬀerence in losses with spread percentage for the diﬀerent VSC
topologies considered. As expected it is observed that the losses for the 2-level converter are
the greatest, followed by the 5-level and then the 13-level. For the control modes in which the
converter is not compensating for the presence of the ﬁlter capacitor, all converters show roughly
equal losses at 0% spread. This is because the converter is not enabled, and only the passive ﬁlter
losses are taken into account. Some convergence failures are seen in the optimized loss reduction
control mode; an attempt to solve these failures was not made for this study as the purpose was
to determine a trend of losses with spread rather than ﬁne tune the optimal controller.
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To oﬀer a diﬀerent perspective, this data is shown as a percent increase in net losses over the
uncompensated case in Figure 6.11. It is observed that only operating the SOP when required
results in the lowest levels of loss. Utilizing reactive power control to reduce losses is shown to have
an increased eﬀectiveness for increasing spread percentage. Operating the SOP such that the ﬁlter
capacitor reactive power is negated results in signiﬁcantly increased losses due to the SOP being
operated continually with a higher output current. In general, the losses tend to increase with a
greater disparity in loading amongst substation transformers.
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Figure 6.11.: Substation percent loss increase over uncompensated case for various operating modes
and SOP inverter types
Both Figure 6.11 and Figure 6.10 clearly indicate that the addition of SOPs for continuous
compensation of the substation transformers will increase the net losses.
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6.4.1. Losses versus Loading Types
To provide an estimate of the cumulative losses incurred at a SOP-compensated substation, yearly
load proﬁles for various load types are used. The main operation assumption is that the SOP
will be used to compensate substation transformers with diﬀerent dominant load types. Industrial,
residential, and commercial loads are considered and will be abbreviated as I, R and C, respectively.
Figure 3.9 shows a sample of the load proﬁles used for these time-series studies. This ﬁgure indicates
that the disparity tends to be the greatest between industrial and commercial/residential loads.
For a study of load balancing between three transformers, diﬀerent combinations of these load
types are considered, e.g., CIR - commercial type on one transformer, industrial type on another,
and residential on the remaining. In these studies, the SOP is operated with optimized reactive
power compensation, described in the previous section, so that the transformer loading is perfectly
balanced. In this mode, reactive power support from the SOP inverters is set with the objective of
minimize the total substation losses subject to a set of constraints. Figure 6.12 shows the results
of this study and also indicates which load type combinations incur the greatest yearly losses.
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Figure 6.12.: Cumulative yearly losses for SOP compensated substations for diﬀerent combinations
of predominant load types (C-commercial, I-industrial, R-residential)
6.4.2. Deadband Operation
This section will ﬁrst consider the operation of an SOP that is compensated transformers loaded
as CIR, that is, one transformer has a predominantly residential load, the other industrial and the
remaining transformer having a commercial load type. A summary of results for diﬀerent load type
combinations is included at the end of the section.
It is apparent from the results presented in Section 6.4 that it is less eﬃcient overall to operate the
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SOP in order to balance the transformer loads at all instances in time. For this reason, a deadband
control mode is considered in which the SOP is disabled if the disparity in loading between a
given two transformers is below a certain level. Figure 6.13 shows the results of this study. The
deadband level is given as a percentage of the SOP's rated MVA (12 MVA in this case). So at
50% deadband, a SOP will not work to balance a transformer load until the diﬀerence between the
present transformer load and the perfectly balanced load (one third of the total load amongst all
three transformers) exceeds 6 MVA. The 'comp' bar in Figure 6.13 indicates the loss change versus
the uncompensated case if all losses associated with the SOP are neglected, i.e., the reduction in
losses occurring within the transformers themselves. This is indicative of the loss reductions that
could be achieved with compensation were the eﬃciencies of the VSCs improved signiﬁcantly.
With increasing deadband levels, the total losses incurred at the substation decrease. At 100%
deadband, the SOP inverter is only activated in order to bring the transformer loading to below its
rated value of 30 MVA, which results in a decrease in diﬀerence in the losses incurred amongst the
diﬀerent inverter designs; that is, since the inverters are disabled for a large portion of the year,
the cumulative losses of the three topologies become similar in value.
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Figure 6.13.: Cumulative yearly losses for SOP compensated substations (CIR combination) for
diﬀerent levels of SOP deadband. 'comp' indicates the reduction in transformer losses
due to SOP compensation
Table 6.3 summarizes the yearly loss increases due to SOP compensation with diﬀerent topologies,
diﬀerent load types, and deadband size. At current peak loading levels, the diﬀerences in cumulative
losses between the converters is as in Figure 6.13, with a smaller disparity with increasing deadband.
When peak loading levels are increased (determined by the load multiplier), the disparity increases
due to elevated usage of the SOPs to prevent overloading throughout the year. This is further
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0% Deadband 60% Deadband 100% Deadband
Load Mult Comp 2lvl 5lvl 13lvl Comp 2lvl 5lvl 13lvl Comp 2lvl 5lvl 13lvl
CIR 1.0 -0.16 3.33 1.43 1.20 -0.11 1.87 0.97 0.86 0.00 0.58 0.50 0.49
1.25 -0.25 4.00 1.60 1.25 -0.22 3.02 1.31 1.03 -0.13 2.07 0.96 0.75
1.5 -0.35 12.17 8.60 7.92 -0.33 11.66 8.45 7.81 -0.30 11.24 8.29 7.69
IIR 1.0 -0.09 2.67 1.17 1.00 -0.05 1.26 0.75 0.69 0.00 0.55 0.49 0.49
CII 1.0 -0.16 3.37 1.43 1.21 -0.11 1.87 0.98 0.88 0.00 0.59 0.52 0.50
IRR 1.0 -0.09 2.64 1.15 0.98 -0.05 1.24 0.73 0.67 0.00 0.53 0.48 0.47
CCI 1.0 -0.16 3.36 1.42 1.20 -0.11 1.86 0.97 0.86 0.00 0.58 0.50 0.49
CRR 1.0 -0.07 2.50 1.10 0.93 -0.04 1.03 0.65 0.60 0.00 0.51 0.46 0.46
CCR 1.0 -0.07 2.51 1.10 0.94 -0.04 1.03 0.66 0.61 0.00 0.52 0.47 0.46
Table 6.3.: Summary of eﬀects on substation losses, given in thousands of MWh per annum
explored in Section 6.5. Similar patterns are observed for the other load type combinations.
6.4.3. Power Factor Correction
In addition to active power compensation of the substation transformers, it is possible for the SOP
to both source and sink reactive power as needed.
One possible beneﬁt of utilizing the SOP to source reactive power is to reduce the reactive power
delivered by the transformer. This reduces the current magnitude in the transformer and hence
reduces the transformer series conduction losses. The conduction losses for increasing reactive
power compensation to the transformer provided by the SOP is given in Figure 6.14.
It is assumed in this analysis:
• the transformer output voltage remains ﬁxed for a given load, i.e., no tap changing as a result
of SOP reactive power compensation.
• the total MVA of the load is 30 MVA, which is the rated output apparent power for the
secondary winding of the 135/11 kV transformer in question.
• the conduction losses are lumped on the LV (secondary) side of the transformer.
• The additional losses incurred in the SOP due to increased reactive power output have also
been neglected and should be considered when evaluating this feature in economic terms.
SOP losses are determined by the SOP operating point, and the incremental losses in the
SOP due to increased reactive power supply will depend on this operating point.
This study is only intended to quantify the eﬀect of power factor correction on the net substation
losses for diﬀerent load power factors. It is acknowledged that the net losses, including those in the
SOP itself, will increase as observed in Section 6.4 unless converter losses can be improved.
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Figure 6.14.: Conduction loss reductions due to transformer current reduction
6.5. Uptime
When using deadband control, the SOP inverters will not be operated at all times. With increasing
deadband, the utilization of the SOP will decrease. At 100% deadband the SOP will only be used
to bring transformer loading to below its rated level.
As customer loading increases with time, the frequency of transformer overloading incidents
will increase. If a realistic load growth scenario is assumed to involve proportional increases to
loading levels at any time of day, the load proﬁles indicated in Figure 3.9 can be multiplied by a
loading increase constant factor. Multiplication by this factor emulates load growth, and time-series
simulation results show an increase in transformer overloading incidents, and therefore additional
compensation by the SOPs throughout the year to prevent this. Figure 6.15 shows the SOP uptime
(at each of the three SOP terminals) as a percentage of the year with increasing deadtime, as well
as increasing loading. The CIR load combination is used again for this study. It is observed that
for increased loading levels the deadband option has less eﬀect on the SOP uptime.
Note that uptime results for the diﬀerent converter topologies tested are not shown as the uptime
value does not vary with converter type.
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Figure 6.15.: SOP inverter uptime for diﬀerent deadband levels depending on load proﬁle multipli-
cation factor
6.6. Transformer Output
Figure 6.16 shows each (compensated) transformer's total MVA output for diﬀerent deadband
levels and with increased loading for a 100-hour period. This study was performed in order to show
graphically which unbalance scenarios the transformers are being exposed to as well as to highlight
the limitations of compensation with SOPs.
For the unmodiﬁed loading levels (1.0 pu peak loading), it can be seen that the load levels in the
compensated systems never exceed the rated level of 30 MVA regardless of the deadband percentage
used. For an increase to 1.5 pu peak loading, the uncompensated system frequently peaks above
30 MVA for all transformers considered with the CIR load mix, therefore SOP operation and
transformer loading levels are similar for every deadband level, i.e., the SOP is working more often
to reduce transformer load rather than balance loading as seen in Figure 6.15.
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This ﬁgure also indicates that not all transformer overloading incidents can be mitigated by the
SOP due to the constraints imposed by the rating of the SOP inverters, Sv. Instances observed
at 0% deadband in which the transformer loading is not perfectly balanced are indicative of the
rating limitations of the SOP.
At 1.5 p.u peak loading, conditions also exist in which all three transformer loads are above
the rated value (30 MVA) and so there is no option to draw active power support from another
SOP-connected transformer.
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Figure 6.16.: SOP compensated substation transformer loading for diﬀerent SOP deadband per-
centages
6.6.1. Overload Incidents
As mentioned in the previous section, overload incidents become more frequent with increasing
customer loading. Figure 6.17 indicates the number of overload hours per year for uncompensated
and SOP-compensated substations. Overload hours are deﬁned as the sum of the total hours per
year in which any of the three transformers exceeds its rated capacity of 30 MVA. Again, the CIR
loading combination is used.
It is observed that at base peak load level, there are very few excursions above rated loading
levels and all of them can be mitigated by the SOP. For a 25% increase in loading, the number of
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incidents increase sharply for an uncompensated network, but their number is signiﬁcantly reduced
with SOP compensation. For a 50% increase in loading the same is true, but the limitations of the
SOP prevent it from mitigating many of the overloading incidents.
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Figure 6.17.: Number of hours for which substation transformers are operated over rated output
with and without compensation as overall loading increases
6.7. Fault Scenarios
This section will consider the behaviour of the SOP with the application of balanced and unbalanced
faults to the AC-side as well as the DC cable interconnection.
6.7.1. AC-Side Faults
Three-Phase to Earth Fault at Substation
This scenario is intended to simulate the presence of a three-phase to earth fault at the transformer
secondary terminals, which represents the worst case in terms of interruption of supply as well as
fault current. The results are shown in Figure 6.18 and descriptions of the intervals/time instants
of interest are given in Table 6.4.
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This particular simulation ignores the possibility of bypassing the SOP and instead supplies the
load directly once the fault has been isolated. A key operating assumption is that the load to be
supplied is within the rating of the SOP, which is 12 MVA in this case. In order to achieve resupply,
the SOP terminal exposed to the fault is changed to utilize a voltage magnitude control mode as
soon as the fault is isolated. This restores the supply to the load.
Inverval/Time Description
t1 SOP Enabled
t1-t2 Transformer loads balanced according to initial loading condition
t2-t3 Exposure to three-phase fault at transformer 2/SOP port 2 terminals
t3 Load/SOP No longer exposed to fault, load now supplied by SOP
t4 Fault cleared (all CBs successfully opened),
t4-t5 Load supported by SOP, load voltage synchronized with trafo output
for resynchronization
t5 Reconnection of trafo with load/SOP. CBs reclosed.
t6 SOP aware of reclosing, transfer to current control mode for load
rebalancing
t7 Initiate rebalancing
t7-end Transformer 2 and SOP Inverter 2 settle to pre-fault output power
(balanced load condition)
Table 6.4.: Three-phase to earth fault simulation timeline description
When the fault is cleared, Transformer 2 is reconnected to supply the load and unburden the
SOP. The SOP then synchronizes with the transformer output to ensure that both ends of the
reconnecting switchgear are of matching magnitude and phase, i.e., synchronized. The transients
observed upon reconnection of the transformer at time, t5, in Figure 6.18 are indicative of a slight
error in synchronization with the transformer. A comparison of this transition with and without
taking into account resynchronization will be discussed in Section 6.7.1.
While the fault at Transformer 2/Inverter 2 is occurring, the other SOP inverters are set to au-
tomatically balance the load of their corresponding secondary transformer terminals as a secondary
objective, with the primary objective being to supply the necessary power through to the newly
isolated load.
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Figure 6.18.: Behaviour for fault at MSS
Resynchronization and Return to Pre-Fault Conditions
As mentioned in the previous section, synchronization of the SOP output with the transformer in
order to prevent undesirable transients from occurring and aﬀecting the load is another considera-
tion that must be made. The results from a simulation in which resynchronization and reconnection
of the transformer to the load and SOP are shown in Figure 6.19. The right column shows voltage
and current transients which occur if not attempting to synchronize.
To achieve smooth reconnection of the transformer, proper synchronization of the load voltage
and the transformer open-circuit voltage is required. It is assumed that, as the SOP inverter being
controlled will be located in close proximity to the substation transformer, the control system will
have access to the transformer output voltage measurements. Use of these measurements allows the
voltage magnitude or phase of the point of common coupling between the transformer, load, and
SOP to be regulated by the SOP. The left column of Figure 6.19 shows the resulting reconnection
transients if the SOP output is controlled to synchronize with the disconnected transformer terminal
voltage prior to closing the reconnecting switchgear. Upon reconnection of the transformer at time,
t1, the SOP output voltage phase and magnitude is held until time, t2, followed by a transition
back to current control mode, continuing to operate with its pre-fault objective of transformer load
balancing.
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Figure 6.19.: Behaviour for fault at MSS
Other Fault Types
The system is simulated considering exposure to other fault types at the MSS for brief demonstra-
tion. In every scenario, the load supply is restored successfully by the SOP upon clearing the fault.
The results are indicated in Figure 6.20.
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Figure 6.20.: Behaviour for fault at MSS
DC Interconnection Fault
For the conﬁguration in which power transfer amongst diﬀerent substations is achieved with a
controlled DC interconnection, the possibility of a fault on the DC cable must be considered.
Immediately after a fault is detected on the DC interconnection, gating of the DC-DC converter
valves is disabled and the fault is no longer supplied by either end of the DC interconnection. The
residual energy in the ﬁlter and line inductance is freewheeled through the converter diodes. The
peak fault current essentially depends on the amount of time required to disable valve gating. For a
switching frequency of 2 kHz, response within 10 switching cycles would yield a peak fault current
of approximately 3 kA, with 2.2 kA contribution from the buck stage.
Figure 6.21 shows the resulting fault and line currents from a DC link earth fault. For this test,
it is assumed that the link impedance is negligible, representing a worst-case scenario in terms of
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fault currents for both ends of the controlled DC link. It is also assumed that the DC bus on the
buck stage contains inﬁnite energy, i.e., represented by a constant voltage source. This represents
another worst case scenario in terms fault current supply, as a DC-bus capacitor bank with limited
energy storage would further limit the maximum fault currents due to the DC voltage dropping as
energy levels in the capacitors are reduced.
The results are intended to indicate what fault currents can be expected according to the time
required to detect the fault, and also show that a controlled DC interconnection can achieve fault
blocking in simulation successfully.
1.5 1.51 1.52 1.53 1.54 1.55 1.56
0
0.64
5.47
11.67
Fa
ul
t 
C
ur
re
nt
 (
kA
)
DC Link Earth Fault
100 ms response time
10 ms response time
1 ms response time
1.5 1.51 1.52 1.53 1.54 1.55 1.56
0
1.11
3.58
9.02
Se
nd
in
g 
En
d 
C
ur
re
nt
 (
kA
)
1.5 1.51 1.52 1.53 1.54 1.55 1.56
0
1.92
3.89
R
ec
ei
vi
ng
 E
nd
 C
ur
re
nt
 (
kA
)
t1 t2 t3 t4
t(s):
t(s):
t(s):
Figure 6.21.: DC-link earth-fault behaviour for fault at MSS end of DC link
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Inverval/Time Description
t1 Earth Fault applied on DC link cable
t2 Gating halted after 1 ms
t3 Gating halted after 10 ms
t4 Gating halted after 50 ms
Table 6.5.: Load sharing simulation timeline
6.7.2. Pre-planned Islanding
For a load not exceeding the rating of the SOP, having an SOP present to supply the load allows for
disconnection/isolation of the supply transformer without load interruption to permit transformer
maintenance, etc. The purpose of this study is to demonstrate the possibility for primary supply
disconnection from the customer load without any eﬀect observed from the perspective of the
customer.
In order to provide a smooth transition, the SOP output it set to match the load, which allows
the disconnection of the transformer to be performed with eﬀectively zero current ﬂow between the
load and transformer. The results of this procedure are shown in Figure 6.22. The SOP output
power reference is set to the load demand at time, t1, and the transformer is disconnected at time,
t2. This is considered a preplanned islanding scenario because the upcoming time at which the
disconnection of the transformer occurs is known, so the SOP can set its output appropriately. An
'unplanned' islanding scenario would be the islanding of a load due to a fault, as discussed in the
previous section.
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Figure 6.22.: Pre-planned disconnection of transformer from load
6.7.3. Tap Changer Interaction
This study is intended to simply show that the SOP is capable of maintaining operation when
exposed to step changes to the output voltage of the connected transformers. Figure 6.23 shows
the results for a large, 0.1 pu, step change in transformer output voltage at time, t1. The SOP is
shown to maintain its output power delivery after this step change in voltage.
As discussed in Section 4.5, the SOP can be used to curb the number of tap changing operations
of the substation transformer as well as interaction with other tap changing devices present on the
network. Since the results of Section 4.5 indicated a near elimination of tap changes requirements
entirely, it is reasonable to assume that installation at the transformer terminals would be able to
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achieve the same or greater beneﬁt.
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Figure 6.23.: Multi-terminal SOP response to transformer tap change operation
6.8. Conclusions
This chapter has shown that, despite an increase in losses, compensation of substation transformers
directly with a SOP does contribute to a signiﬁcant reduction in transformer overload incidents,
which could lead to an extension of asset life. This is especially true when growth in customer
demand is considered. A multi-terminal SOP was demonstrated in time-domain simulations to
be capable of balancing the load across compensated substation transformers to balance multiple
substations via DC or AC link. For a DC-link tying two substations together, there is potential for
a fault on this DC side. Using a DC-DC conversion stage to control power ﬂow along the link also
allows for fast fault DC-link fault-current limiting at the expense of an additional power conversion
stage and associated losses.
When disconnecting a primary substation transformer from its connected feeders, the SOP is
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demonstrated to be able to supply an appropriately sized load once the fault has been cleared.
In addition, the substation transformer can be resynchronized and reconnected upon clearing the
fault with little disruption to the customer.
The overall losses incurred at the substation were observed to increase when utilizing a SOP due
to its relatively poor eﬃciency when compared with that of the substation transformers themselves.
If SOP losses are ignored, a net reduction in losses incurred in the substation transformers is
observed with SOP compensation, the level of which is aﬀected by the deadtime parameter used
when controlling the SOP.
Of the three VSC topologies considered (2-level, 5-level and 13-level), the 13-level has the lowest
inherent losses due to the ﬁlter size reduction and lower eﬀective switching frequency. The dif-
ferences in losses between these topologies becomes less signiﬁcant if the SOP is operated with a
smaller yearly duty cycle, i.e., with a large control deadband. With a large control deadband, the
SOP provides little to no compensation unless needed to prevent transformer overload. Based on
this observation, a forecast of the uptime of the SOP should be considered when evaluating options
on a cost basis.
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7. Conclusions and Future Work
The concept of a soft open-points (SOP) has been introduced in this work, which is a generalized
term for devices intended both as an alternative to existing on/oﬀ switchgear and for the active
compensation of distribution networks. While novel device designs for SOPs were not proposed
in this thesis, a number of devices which have the potential to meet the deﬁning characteristics
of a SOP have been compared in order to guide the future design of devices for use in varying
installation scenarios.
In order to perform time-series studies on these networks, a hybrid load-ﬂow technique was
introduced in Chapter 2, which allows for increased levels of detail in the modeling of loads and
generation in distribution networks. This technique allows the aggregate load at each node to be
modeled with a portion of constant impedance and a portion of constant power loading according
to the customer type, as opposed to a single type. The use of this load ﬂow technique in conjunction
with an existing non-linear optimization algorithm forms an alternative optimal power ﬂow strategy.
This optimal power ﬂow strategy was shown empirically to converge in a larger number of scenarios
relevant to the studies performed in this thesis when compared with a number of conventional
methods. The use of a non-linear optimization algorithm also allows for more accurate modeling
of compensation devices, e.g., back-to-back or multi-terminal voltage sourced converters, shunt
compensation devices, and series compensation devices. In addition, placement algorithms for
SOPs and DGs have been devised and demonstrated to have an signiﬁcant eﬀect on the level of
growth that can be accommodated.
A quantiﬁcation of the beneﬁts of diﬀerent devices suitable for SOP implementation, as well as
other alternatives for active compensation, was presented in Chapter 4. Some of the key observa-
tions made from this chapter are:
• The use of series-compensation devices, such as UPFCs and SSSCs, oﬀers an improved ability
to accommodate DG and load growth in most cases when compared with the B2B and MT
options. This is primarily due to their potential to induce the same power ﬂows between
network nodes using converters of comparatively lower rating. However, their inability to
provide isolation between connected nodes, limit fault current through the connection point,
and reject disturbances on adjacent feeders places them at a disadvantage.
• The ability of SOPs to accommodate increased network growth is complementary to the
upgrading of network infrastructure; thus, the two solutions for mitigating the problems
associated with network growth are not mutually exclusive.
• Network loss reduction is not a signiﬁcant beneﬁt of SOP implementation, however if the VSCs
comprising a SOP are designed above a certain level of eﬃciency, it can potentially oﬀset its
own eﬀect on losses by optimizing network power ﬂows. Converter eﬃciencies required in
order to achieve this oﬀset have been quantiﬁed for a number of network examples.
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• The cost-beneﬁt analysis for the deployment of SOPs throughout a large number of networks
has shown that using devices with a relatively small rating creates a greater increase in
network capacity for DG and load growth than a small number of large devices.
• SOPs, especially in multi-terminal conﬁguration, are capable of deferring network infrastruc-
ture upgrades with increased DG or load growth. They are less capable of deferring substation
transformer upgrades, but there are still situations in which the load balancing provided by
SOPs can prevent these upgrades.
• While SOPs oﬀer little to no beneﬁt in terms of improved reliability versus NOPs when
considered under traditional reliability metrics, the ability of SOPs to control network voltages
does improve power quality to customers in networks aﬀected by a fault.
• With the presence of intermittent generation installed in large quantities, or classical varia-
tions in demand, SOPs and other forms of active compensation are shown to reduce signiﬁ-
cantly or eliminate completely the need for OLTC usage.
• The use of energy storage in conjunction with SOPs can improve power quality with or
without the presence of generation and also mitigate intermittency associated with certain
renewable energy sources. The quantity of storage was quantiﬁed in this chapter, and the
possibility to reduce storage requirements to meet the same objectives with more intelligent
high-level control was shown.
A brief summary of control and design considerations associated with the implementation of SOPs
was given in Chapter 5. Diﬀerent control strategies were discussed for use with VSCs of diﬀerent
types. A comparison of a multi-level modular converter with a standard 2-level three-phase bridge
was made. Complications associated with the balancing of cells led to the use of a 2-level converter
for the remainder of time-domain simulations presented. The control strategies presented were
tested in both time-domain simulations and in an experimental implementation of a multi-terminal
SOP to validate their usage in relevant scenarios.
Chapter 5 also presented an alternative ﬁlter design. This proposed design involves the use of
tuned traps to provide a shunt path for signiﬁcant VSC output harmonics. The tuned shunt trap
design was estimated to have a substantially lower volume than that of the commonly used LCL
ﬁlter topology, but has the inherent drawback of requiring passive components with tight tolerances
on parameters. The inability to ﬁnd components of this size with acceptable parameter tolerances
can be mitigated by varying the switching frequency dynamically to ensure signiﬁcant harmonic
components match the resonant frequencies of the physical shunt trap ﬁlter.
In addition to the use of SOPs throughout distribution networks (or primarily at feeder end-
points), it is possible to use SOPs directly at substation transformer terminals in order to provide
direct compensation to overloaded transformers. This application for SOPs was explored in Chapter
6. A high-level load balancing controller was developed and tested in time-domain simulations using
a 2-level converter model. Various VSC topologies were also considered for use in multi-terminal
SOP implementation in order to evaluate their eﬀects on performance. MMC converters do oﬀer
lower losses overall, but the total yearly losses (when minimizing the use of the SOPs throughout
that year with deadband operation) shows a relatively small diﬀerence in losses between converter
designs. As peak loading levels increase, and consequently the SOPs must be utilized with a greater
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duty cycle over a given year, the reduced losses associated with the multi-level converter become
more signiﬁcant. Chapter 6 also considers the use of a controlled DC interconnection which allows
the DC interconnection voltage to be regulated and faults along the link to be blocked by either
end. A logical next step would be to consider multi-terminal DC interconnections and how faults
are managed to maximize compensator uptime.
7.1. Key Contributions
The key contributions of this work are summarized as follows:
• Development of a hybrid direct solution and iterative load-ﬂow method for use in conjunction
with optimization routines to realize an optimal power ﬂow method suitable for studies of
large distribution networks.
• Development of high level models for diﬀerent forms of active compensation for use with the
above optimal power ﬂow method.
• Analysis of SOP (and other compensator) placement algorithms and the eﬀects of diﬀerent
placement algorithms on SOP performance.
• Quantiﬁcation of SOP beneﬁts in terms of accommodating increases in DG capacity, DG
curtailment avoidance, asset upgrade deferrals, prevention of OLTC operations, and reliability
improvement.
• Correlation of all SOP beneﬁts with the network type metric was performed in order to
determine where (in terms of network type) SOPs could be used to solve a particular issue.
• Derivation and veriﬁcation of formulas specifying upper limits on energy storage device ca-
pacity and peak output required for limiting the rates of change in demand as seen by the
supply side for a distribution network with a large quantity of intermittent generation.
• Exploration of the design considerations for back-to-back and muli-terminal type SOPs and
proof-of-concept testing of their control and operation through both time-domain simulation
and experimental testing.
• Examination of systems and subsystems control for SOP devices, including a Kalman pre-ﬁlter
based PLL for unbalanced grid synchronization modiﬁed to support variable grid frequencies.
• Development and use of a genetic algorithm routine to minimize overall passive ﬁlter size and
losses while still meeting performance requirements for grid interconnection.
• Proposal of a new passive ﬁlter utilizing multiple shunt RLC traps along with a ﬁlter size
estimates of both the LCL ﬁlter and the proposed ﬁlter topology.
• Comparison of diﬀerent converter topologies on the basis of cumulative yearly losses when
compensating substation transformers directly.
• Quantiﬁcation of the eﬀect of high-level control operations, such as deadband operation, in
the use of SOPs for the direct compensation of substation transformers.
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7.2. Future Work
The implementation of SOPs into distribution networks has a variety of associated design, main-
tenance and operational issues which have been brieﬂy discussed in this thesis. There are a large
number of additional issues that were considered with preliminary studies throughout the course
of study, but not developed in enough detail to present in this thesis. Based on these additional
issues, this section will attempt to discuss future topics of interest speciﬁc to the implementation
of devices which meet the deﬁning characteristics of soft-open points. As there are a large number
of proposed topics for future work, the ideas have been further categorized into sub-sections.
7.2.1. Device Design Considerations and Testing
The design of SOPs at both the high level (SSSC, UPFC, B2B, MT) and low level (MMC, Two-
Level) was considered brieﬂy in this thesis. There are many additional practical issues surrounding
the implementation of SOPs which should be considered.
In time-domain simulations and experimental work, only the B2B and MT devices were consid-
ered. However, there is potential for SSSCs and UPFCs to provide SOP functionality if they can
be properly controlled to eliminate disturbances on SOP-connected feeders. More speciﬁcally, if a
device similar to a UPFC or SSSC could be made to block fault current quickly enough, then these
devices could be considered as a good alternative to B2B and MT devices (based on the beneﬁts
of these devices presented in Chapter 4). Some preliminary work has been done in the use of a
commutation circuit which allows for an abrupt change in the transformer tap being used, thus
allowing a series transformer with multiple taps to increase the maximum grid-side voltage when
needed. For example, normal operation involves the use of a 10:1 tap ratio allowing for a maximum
of 1.1 kV voltage injected, assuming a VSC rated for 11 kV output. Switching to a 10:10 ratio would
allow for a full 11 kV to be applied across the two connected AC nodes, thereby potentially allowing
faults to be rejected. Additional information regarding this type of circuit with the presentation of
some preliminary results can be found in the PhD thesis by Plet [142].
It is expected that SOPs installations would be considered as infrastructure installed and operated
by the DNO in order to meet power quality requirements. Dependence on SOPs to meet power
quality targets makes the reliability of the VSC itself critical. Providing adequate redundancy
while minimizing costs should be a primary design consideration when ﬁnalizing the low-level
design of a SOP VSC. There are several lessons to be learned from VSC-based HVDC installations,
which require high reliability to avoid unplanned outages. Device design and any high-level studies
performed to quantify SOP beneﬁts should take into account the reliability of the SOP in order
to quantify the risk of violating network constraints in the event of a SOP failure. In addition
to reliability, a life-cycle analysis with estimates of maintenance intervals should be developed for
diﬀerent types of SOPs. This would provide another basis for comparison of SOP device candidates.
Additional experimentation with a prototype distribution network should be done with both
UPFC and SSSC units in order to demonstrate their viability in a physical system. Moreover, the
addition of energy storage to all SOP device candidates should be considered and evaluated on these
prototype networks. The use of back-to-back and multi-terminal SOPs with a DC interconnection,
along with their behaviour when exposed to a DC-fault, should be tested experimentally.
Since there is a potential desire for the installation of SOPs in small geographical areas, as
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discussed in Chapter 6, a detailed estimation of converter size should be made. This estimation
should account for all options for the valve hall, passive components, and cooling system while also
considering diﬀerent voltage and power ratings. Since SOP installation sizes are of importance,
reduction in physical size (power density) should be made a primary design consideration.
To allow for a more detailed account of the economics surrounding SOP installation, further
estimates should be made in regards to the cost of diﬀerent SOP candidate devices, as well as the
diﬀerent options for constituent components. This analysis can also be used to compare operating
versus capital costs of the two VSC topologies considered (2-level and MMC).
It is possible that other VSC topologies other than those presented in this thesis can oﬀer better
performance or reliability in certain scenarios, and should therefore be considered in addition to
those topologies presented.
7.2.2. Control Considerations
A small sample of potential control routines for the VSCs comprising B2B and MT SOPs were
considered in this thesis. There are several other options for grid-coupled converter control that
should be evaluated and compared in order to determine which is best for SOP implementation into
distribution networks. For example, the use of the Kalman pre-ﬁlter for single phase synchronization
in unbalanced networks should be compared with other alternatives, such as the EPLL presented
in [150]. Both should be tested under a larger number of unbalanced scenarios, such as phase-phase
faults to determine their suitability for use in distribution networks.
In addition, the transition between control modes when supplying isolated loads and subsequent
reconnection to the utility should be considered in more detail. There are several analogies that can
be made with the operation of microgrids which transition from grid-connected to islanded modes
of operation while attempting to avoid adversely aﬀecting the load in question. Islanding detection
and other control routines speciﬁc to microgrid operation should be considered for adaptation into
the low and high level control of SOPs.
The low-level control of series-connected devices (UPFC, SSSC) diﬀers from that of the B2B
SOPs, with the series element often treated as a controlled series impedance. Further development
of series-type device control should be made. In addition, it should be investigated as to whether
series connected devices can be controlled to allow for the connection of asynchronous networks,
and to what degree the frequencies of these networks can diﬀer for a given control bandwidth.
Issues associated with the high-level control, or centralized power dispatch, of SOPs should be
taken into account such as the lack of observability of certain network states. To this end, the eﬀects
of state estimation and degrees of load uncertainty should be taken into account when assessing
the ability of SOPs to mitigate problems associated with distributed generator output.
Decentralized control routines to complement centralized SOP power dispatch commands, such as
the automatic resupply to isolated loads or automatic voltage regulation upon distributed generator
peaking, should be developed and tested.
With SOPs considered to be part of the distribution network infrastructure, they should be
operated and designed with compatibility with existing protection systems in mind. It was found
in [141] that the aggregate fault response of inverters in networks is largely determined by the
low-level control strategy used with the VSC. Control design rules and guidelines should be made
to ensure compatibility with existing and future protection schemes.
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Similar to that discussed in [151], another promising beneﬁt of including SOPs in distribution
networks is the potential for active ﬁltering of low-order harmonics introduced to the utility by
large industrial customers or device and load non-linearities. The beneﬁts of this feature should be
quantiﬁed, and control methods developed and tested in simulation or experimentation.
7.2.3. Software Development and Load Flow
The load ﬂow and hybrid optimal power ﬂow method discussed in Chapter 3 was tested empirically
against other potential methods for use in situations relevant to the work done in this thesis.
A formal comparison should be made in order to consider it a viable option for use in other
scenarios. This formal comparison should include a more rigorous mathematical analysis to explain
the improved performance observed with the proposed method. A more detailed analysis of this
load-ﬂow technique will also uncover any further limitations than those discussed in Chapter 3.
Placement of devices was performed algorithmically assuming no restrictions on placement in the
network. The placement routine should be modiﬁed to account for placement restrictions when such
data exists so that unrealistic sites in real distribution networks are not considered for placement.
This would improve the accuracy of the quantiﬁed network beneﬁts.
The software developed for performing time-series studies on real distribution network data thus
far only considers balanced three-phase networks. As discussed in Chapter 5, distribution networks
do not always operate with balanced conditions thereby adding another dimension to the solution
of these networks. The software and simulations performed should be developed such that the
eﬀect of load and supply imbalances can be considered further. This can be achieved by solving
positive, negative and zero sequence representations of the network under study.
Obtaining more historical real-time load data from DNOs for the distribution networks tested
would allow for an improved degree of accuracy in quantifying the beneﬁts on that network, based
on the use of the load threshold tuning method presented in Chapter 3 for each individual network
rather than assuming a similar threshold for all networks. Historical real-time data accounting
for network imbalances can also be used for time-series studies of the positive, negative and zero
sequence network representations.
In addition to distribution, or medium-voltage level infrastructure, there is also potential for the
installation of power electronic compensation at the low-voltage (LV) level. As it was observed that
the cost-beneﬁt was greatest for a large number of devices of low rating, installation of SOPs at the
low voltage level may further exemplify this trend. The design and manufacture of a large number
of small devices may also allow for a reduced overall device cost required to achieve a certain beneﬁt.
The major technical challenge with LV implementation in large numbers is the coordinated control
of the devices to optimize overall system power ﬂows, or in sharing the resupply of isolated loads.
LV network data is also not as readily available as MV network data and therefore some additional
assumptions may have to be made in evaluating performance at this level.
The software developed can also be used for other studies surrounding network evolution, such
as the eﬀect of radializing the present distribution network topologies, which is often done to
simplify protection system operation. A processing algorithm should be developed which increases
the degree to which a network is radialized, then the resulting eﬀect on accommodating network
growth can be evaluated.
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7.2.4. Quantiﬁcation of Beneﬁts
Most of the beneﬁts of SOP or active compensation implementation have been presented in a
techno-economic fashion. Moving from this form of evaluation of beneﬁts to a purely economic
evaluation will give a better idea of whether SOP implementation is feasible, or where costs must
be reduced to make it so.
It was mentioned throughout this thesis that the use of SOPs for controllable power ﬂows can
override some network planning and design rules associated with balancing future load growth.
The value of this planning ﬂexibility should be accounted for if possible, by deﬁning a metric which
indicates the degree of planning ﬂexibility in a network expansion scenario. This area of study could
be extended to the study of network expansion planning with the presence of active compensation.
Loss minimization was performed in this thesis for a small selection of generic UK distribution
networks. In order to further quantify loss reduction beneﬁts of SOPs as well as determine the range
of suitable converter eﬃciencies to ensure loss-equilibrium, these studies should be summarized for
the entire set of real UK networks.
As previously discussed, coordination with distribution network protection systems could allow
for greater compatibility of SOPs with current distribution networks. The DG limitations have
previously been deﬁned ignoring the operation of protection systems, or assuming the protection
system would be altered to accommodate the DG. If data on protection system operation can be
acquired, further studies on the limitations of DG to ensure proper operation of protection systems
should be performed. In addition, since SOPs can be used to route power to diﬀerent portions of
the network, the coordination of SOPs with protection schemes could be used to allow for further
accommodation of DG based on this limitation in addition to thermal and voltage limitations.
These beneﬁts of SOP implementation should be quantiﬁed along with the other work involving
the high level coordination of SOPs with protection schemes.
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A. Supplementary Compensator Beneﬁt Studies
This appendix contains the results from additional studies performed on the network data sets
under study which are of interest, but do not support the primary conclusions drawn.
A.1. Further DG Penetration Studies
A number of additional studies were performed with regards to the beneﬁts of compensation toward
the integration of DG into distribution networks. These supplementary studies explore diﬀerent
operation assumptions and device placement procedures. In addition, a study considering the
locations of constraint breaches and how they are aﬀected through compensation is provided.
A.1.1. Uniform Deployment with OLTC Operation
Section 4.1 stated that most of the DG penetration tests would be performed with the active
compensation scheme operating independently of the existing OLTC voltage regulation. However,
it is also of interest to explore how coordination between OLTCs and compensators can be used to
achieve DG capacity increases. As voltage regulation is achieved largely due to OLTC operation,
the results serve as an indicate as to how eﬀective various compensation schemes are at preventing
thermal limit breaches. Figure A.1 shows the results of this study. The following observations are
made from the results:
• The trends amongst the UPFC, MT and B2B compensators are similar to those seen without
OLTC coordination but with lower values for beneﬁts achieved.
• The incremental beneﬁt of the STATCOM is reduced signiﬁcantly, since the OLTC is per-
forming a similar function (voltage regulation) to the STATCOM, albeit at a diﬀerent location
in the distribution network, i.e., primary substation versus feeder endpoints.
• For SSSCs ∆g is increased in many cases compared to the case of no OLTC usage. This
result suggests that network support with SSSCs is complimentary to that provided by the
OLTC. In this case, the SSSC outperforms the UPFC for nv > 3.
• The uncompensated generation levels, g, are signiﬁcantly higher than that of the uncompen-
sated case in which OLTCs are not used
A.1.2. Incremental Deployment Alternative Upgrade Paths
It is possible to achieve an even higher beneﬁt-cost ratio and ∆G by allowing combinations of
compensator types, i.e., allowing the option for an existing SSSC to be upgraded to a UPFC or an
existing STATCOM to be upgraded to a back-to-back, followed by a multi-terminal compensator.
The motivation behind this study is twofold:
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Figure A.1.: A summary (statistical mean) of the resulting incremental increases in DG penetration
(∆g¯) for various device conﬁgurations (compensator type and nv, Sv) including the
use of OLTCs. Incremental beneﬁt without OLTC use is included in grey. Each
instance of ∆g¯ has an associated statistical variance with similar trends observed for
all compensator types, summarized in the lower ﬁgure.
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Figure A.2.: Flowchart indicating possible upgrade paths in each network between SSSC and UPFC
compensator types
• to indicate whether it is worthwhile considering SSSCs and UPFCs or STATCOMs, B2B and
Multi-terminal compensators at each iteration rather than only considering a single device
type
• to indicate whether it is worthwhile providing provisions for future upgrades to UPFC or
B2B/Multi-terminal as part of network planning considerations
Upgrading from SSSC to UPFC Figure A.2 shows an augmented version of Figure 3.16 for
SSSCs and UPFCs, providing new potential upgrade paths for each individual network within the
set at each iteration. At any stage, the number of SSSCs can be increased further or the device
type can be changed to UPFCs of greater nV , e.g. 2 SSSCs would require 2 additional VSCs to
be converted into UPFCs. The resulting ∆G and ∆GNV ·SV is shown in Figure A.3. This additional
ﬂexibility increases the beneﬁt and beneﬁt-cost ratio across the range of NV tested.
Upgrading from STATCOM to B2B or MULTI-TERMINAL Similarly, Figure A.4 shows
the modiﬁed upgrade paths from STATCOM to B2B to multi-terminal. Note that the upgrade path
from nv = 1 STATCOMs to nv > 1 STATCOMs is not provided, as it was found that for the same
nv, the B2B and Multi-terminal options always outperform the STATCOM and it was therefore
unnecessary to include this upgrade path. The resulting ∆G and ∆GNV ·SV are shown in Figure A.5.
The degree of improvement is similar to that of allowing SSSC-STATCOM upgrades.
Upgrade Statistics In allowing an upgrade path between SSSCs and UPFCs, out of 735 in-
crements in NV , there were a total of 435 instances involving upgrades from SSSCs to UPFCs.
Upgrades were observed to occur less frequently below NV = 100 than above, suggesting that suit-
able SSSC locations become exhausted after a certain level of NV . The remainder of the networks
were either left uncompensated due to a low incremental beneﬁt-cost, or a single compensator type
was chosen with no upgrades performed.
In the upgrading of STATCOMs to B2B or multi-terminal compensators, out of 819 increments
in NV , there were a total of 323 upgrades in type from STATCOM directly to Multi-terminal
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Figure A.3.: Alternative incremental upgrade path results for allowing upgrades from SSSC to
UPFC compensators
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nv=0
Figure A.4.: Flowchart indicating possible upgrade paths in each network between STATCOM,
BACK-TO-BACK and MULTI-TERMINAL compensator types
compensators, 190 upgrades from STATCOM to B2B, and 69 upgrades from B2B to Multi-terminal.
The remainder of networks were either untouched or were left with a single STATCOM.
The large number of instances for which a device type change is made indicate these upgrade
options should be considered for incremental deployment of compensation across all networks to
maximize the beneﬁt versus cost.
A.1.3. Incremental Deployment With Line Upgrade Allowances
For studies involving the incremental deployment scheme, it is possible to consider the eﬀect of line
upgrades. This emulates the scenario in which DG capacity growth is planned with the intention
of performing both feeder upgrades and active compensator installations.
As observed in Figure 4.6, the beneﬁts of the SSSC increase more rapidly at Sv = 1 MVA when
line upgrades are permitted in a given network. This is observed as well for the incremental device
deployment scheme in Figure A.6. Previously, it was seen that the performance of the UPFC
surpasses that of the SSSC after a certain number of devices, NV , are installed across all networks.
With the allowance of line upgrades when selecting a network to compensate, the point at which
UPFC beneﬁts surpass that of the SSSC move to a higher level of NV until eventually the SSSC
outperforms the UPFC across the entire range of NV . This observation should be considered if
planning active compensation installations in conjunction with infrastructure upgrades.
A.1.4. Eﬀects of Compensator Placement
Reduction in Feeder Installation
While the performance of the Ge scheme is signiﬁcantly worse than that of the Vm and Em
schemes, it is worth quantifying the reduction in interconnecting feeder installation between nodes
in order to gauge whether its reduction in performance is worthwhile.
Point-to-point devices (B2B, UPFC) are shown in colour, while the increased quantity of cable
installation required for a multi-terminal compensator are shown in grey. The justiﬁcation for
increased cable installation associated with multi-terminal compensators is discussed in Chapter 2.
It is noted that for the same nv, the feeder installation quantity of the SSSC will be increased as
there are two grid connection points per VSC in this compensator type.
The resulting total feeder installation lengths are shown in Figure A.7. Here it is seen that the
Ge scheme reduces the required amount of feeder installation substantially across the ranges of
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Figure A.5.: Alternative incremental upgrade path results for allowing upgrades from STATCOM
to BACK-TO-BACK to MULTI-TERMINAL compensators
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Figure A.6.: Changes in incremental deployment resulting ∆G due to the allowance of passive
infrastructure upgrades
nv tested. The distances for the multi-terminal compensator are also reduced, primarily due to
the fact that feeder endpoints are no longer favoured for installation. The Ba scheme also shows
a reduction in supporting cable installation, though not signiﬁcant. Further reductions in total
supporting cable installations can be achieved in the Ba scheme by more heavily weighting the
geographical distance when performing device placement.
It is noted that the cost of feeders can be reduced if implementing interconnections as a bi-
pole DC link versus an AC interconnection, however this poses problems in terms of fault current
limiting and reliability as mentioned in Chapter 2.
While a trade-oﬀ is observed to exist between the total supporting cable installation and com-
pensator performance, the use of the Ge scheme can be justiﬁed if considering how its performance
aﬀects the mean deferral of feeder upgrades u¯ versus increasing generation g. Figure A.8 indicates
the break-even points for which the amount feeder upgrades oﬀset by the compensator with in-
creased levels of DG equals the total supporting cable installation required for the compensation
scheme. The supporting cable installation is scaled according to the rating current which supports
the rated output of the compensator, Sv for direct comparison with the kA − km units of u¯, and
for diﬀerentiation between Sv = 1 MVA and Sv = 5 MVA. It is noted that the comparison is made
assuming AC feeder installations; the break-even point is further reduced if considering DC-cable
interconnection between VSCs.
The resulting feeder installation break-even points for a larger selection of compensation scheme
are shown in Table A.1 (with g tested at ﬁner increments to improve accuracy). It is observed
that, in general, a lower Sv results in a lower (better) break-even point regardless of the placement
scheme or nv. The break-even points of the Ba and Ge schemes are also more comparable at the
lower value of Sv, further supporting the results of Section 4.2.4 in the use of devices of lower rating
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Figure A.7.: Eﬀect of compensator placement on overall distance between grid coupling points
to maximize beneﬁt-cost ratio. Also observed is that the ∆u performance of all compensator types
is similar up to the supporting cable installation level. Thus, the increased required supporting
cable installation required by the multi-terminal option results in a higher break-even point for this
compensator type for all Sv and nv tested. It is reminded that the SSSC performance in regards
to the break-even point will be reduced versus the other paired installations due to the increased
number of interconnected nodes (2 vs 1) associated with each VSC.
Improvements in SSSC Performance with a Modiﬁed Placement Scheme
As SSSC performance is heavily network and placement dependent, the performance of the SSSC
can be improved by selecting nodes appropriately in order to increase the real and reactive power
ﬂows that can be induced by the SSSC.
In this modiﬁed placement scheme, nodes are selected within network segments of disparate
voltages, rather than selecting nodes of the lowest voltage. This placement scheme is described
further in Section 3.3.3. This placement scheme increases the capability of the SSSC to induce
power ﬂows within the network, and therefore increases its performance overall. The resulting ∆g
vs M plot for the Se scheme is shown in Figure A.9 and compared directly with the Ba and Ge
schemes (note the log-log scale) at two diﬀerent (nv,Sv) pairs. The Se scheme is shown to provide
some improved performance versus both schemes. In addition, the variation of ∆g with network
type (M) is observed to take on a similar trend.
Results for a greater number of cases are shown in Figure A.10. Across the range of nv tested,
the Se scheme oﬀers greater performance when accounting for all networks tested. The increase
in performance rises with increasing nv. Note that the results for nv = 5, 7, 9 (in greyscale) have
been interpolated from adjacent values of nv as these test cases were not performed to reduce total
computation time.
Also included in Figure A.10 is the use of the Se scheme with the UPFC at diﬀerent ratings.
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Figure A.8.: Break-even point for feeder upgrades to support compensator versus feeder upgrades
to support DG
(g MW ) Sv = 1 MVA Sv = 5 MVA
Ba Ge Ba Ge
nv = 4
B2B 0.49 MW 0.25 MW 1.50 MW 0.51 MW
MT 0.60 MW 0.49 MW 2.55 MW 1.35 MW
UPFC 0.49 MW 0.25 MW 1.50 MW 0.51 MW
nv = 6
B2B 0.57 MW 0.29 MW 2.09 MW 0.61 MW
MT 0.71 MW 0.58 MW 3.90 MW 2.02 MW
UPFC 0.58 MW 0.29 MW 2.12 MW 0.61 MW
nv = 8
B2B 0.63 MW 0.32 MW 2.67 MW 0.71 MW
MT 0.80 MW 0.63 MW 5.03 MW 2.64 MW
UPFC 0.63 MW 0.32 MW 2.79 MW 0.71 MW
nv = 10
B2B 0.68 MW 0.36 MW 3.33 MW 0.80 MW
MT 0.89 MW 0.69 MW 6.21 MW 3.58 MW
UPFC 0.68 MW 0.36 MW 3.40 MW 0.81 MW
Table A.1.: Summary table of break-even point for feeder upgrades to support compensator versus
feeder upgrades to support DG
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Figure A.9.: Eﬀect on∆g when using optimal series compensator placement (placement considera-
tions are weighted to suit the operation of SSSCs and UPFCs) in comparison to other
placement schemes
For Sv = 5 MVA, this modiﬁed scheme is shown to increase UPFC performance only at higher
values of nv, with slight reductions in performance at low nv. At Sv = 1 MVA the Se scheme is
shown to improve performance. The suggested reason for this trend is that the additional beneﬁt
of the increased rating for the UPFC is primarily due to the shunt compensator (behaving like a
STATCOM), which the Ba scheme is better suited for due to its weighting of nodes most weakly
connected to the bulk supply point.
Improvements in STATCOM Performance with a Modiﬁed Placement Scheme
When choosing amongst placement options theBa scheme weights, along with several other metrics,
the number of customer load resupplied by the compensator. As the STATCOM cannot provide
resupply to customers, it is worth considering in more detail how STATCOM performance will be
aﬀected by removing this consideration from the placement scheme.
As in the previous section, the resulting ∆g vs M for two (nv, Sv) sets are shown in Figure A.11.
Again a similar trend is observed for this alternate placement scheme. The Vm scheme is shown
to provide an increase in ∆g in this scenario versus the Ba and Ge schemes.
The results are shown across a range of nv values at diﬀerent Sv. It is observed that the increase
in performance due to the Vm scheme is more signiﬁcant at Sv = 1 MVA; this is less true for
Sv = 5 MVA past nv = 6. In all cases, however, the Vm scheme provides some additional beneﬁt
and should therefore be used exclusively for STATCOM placement.
A.1.5. Existing Switchgear Sites
While the term, soft-open-point, suggests replacing existing normally-open switchgear with power
electronic devices, it does not necessarily imply that existing switchgear sites are the best locations
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Figure A.10.: Eﬀect of optimal series compensator placement on SSSC and UPFC performance
with several diﬀerent VSC quantities (nv) and ratings (Sv)
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Figure A.11.: Eﬀect on∆g when using optimal STATCOM compensator placement (placement con-
siderations are weighted to suit the operation of STATCOMs) in comparison to other
placement schemes
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Figure A.12.: Eﬀect of optimal series compensator placement on STATCOM performance with
several diﬀerent VSC quantities (nv) and ratings (Sv)
for siting these active compensators. This study will consider these existing switchgear sites in
order to determine how placement of active compensation at these location compares with the
placement schemes described in Section 3.3.3.
At present, it is not realistic to assume that a 5 MVA back-to-back power conversion system
could serve as a drop in replacement for an 11 kV pole-mounted teleswitch, for example. Another
potential criticism surrounding the placement of SOPs at NOP sites is that NOPs may have been
sited with only restoration in mind and not for the purposes of improving power ﬂows when needed
through the meshing of circuits. However, it is of interest to consider whether the placing of
these teleswitches, or other NOPs, has been done at sites which are also appropriate for active
compensation.
Existing distribution networks contain several options for reconﬁguration, including:
• Remotely controlled teleswitches, for both internal reconﬁguration of a network and for con-
necting to the networks of other primary sub-stations
• Fuses or links, which can be removed or added often on a seasonal basis
The sites at which switchgear is installed can be further classiﬁed into 'Internal' NOPs and 'Exter-
nal' NOPs, which can be described in the following sections.
Internal Normally Open Points
Internal NOPs are installed at sites in which resupply is intended to be provided from the same
primary substation of the network. From the data available, it was found that not all networks
contain internal NOPs, and thus the sample population for this study is limited. As internal NOPs
are limited to their respective distribution networks, it is possible to compare them based on the
uniform device deployment scheme.
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A comparison of the placement scheme described in Section 3.3.3 with placement at existing
switchgear sites was made and the results are presented in Figures A.13 and A.14. It is observed that
the placement schemes weighted to account for active compensation oﬀer increased performance.
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Figure A.13.: Comparison of the balanced weighted placement scheme with placement of compen-
sators at internal teleswitch sites in terms of compensator performance (∆g )
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Figure A.14.: Comparison of the balanced weighted placement scheme with placement of compen-
sators at all internal NOP sites in terms of compensator performance (∆g )
External Normally Open Points
In contrast to internal NOPs, external NOPs are installed at sites in which resupply is provided
through an adjacent distribution network and its associated primary substation. Due to multiple
networks being considered, results for the study of external NOPs require comparison with the
incremental deployment scheme which considers all UK networks.
Figure A.15 illustrates the placement of external NOPs within a small selection (N = 15) of
networks within the collection of UK network datasets. Both teleswitches and other NOPs are
indicated on this ﬁgure.
Performing this study with the interconnection of several diﬀerent networks results in much larger
direct solution matrices, and therefore memory management as well as overall computation time
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becomes a larger issue. With all networks interconnected, the sizes of the solution matrices are on
the order of 100,000 x 100,000.
In order to reduce the computational burden of the simulation, a selection of external NOPs have
been excluded and networks are divided into sets of 25 or less. The sets are comprised of networks
in adjacent geographical locations. This makes the solution matrices more manageable and also
allows for parallel testing of diﬀerent network sets on multiple computers. In addition to choosing
networks with similar geographical locations, the division of networks has been made to minimize
the number of external NOP sites omitted from the simulation.
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Figure A.15.: External NOP locations throughout for a sample set of networks
The resulting comparison between external NOP placement and both compensator deployment
schemes for a back-to-back and SSSC compensator types is shown in Figure A.16. Here it is
observed that the resulting ∆G is much larger for both the incremental and uniform deployment
schemes for both the SSSC and B2B types. Note that the Nv ﬁgure quoted for external NOP
placement is based on the number of devices used, i.e., the OPF solution results in a non-zero
power output, resulting in inconsistencies between the NV values for B2B and SSSC sites; all NOP
sites were tested but those compensators which were unable to provide any useful support to the
network were not included in the total NV count. In the case of the SSSC, there were more cases
in which the SSSC was not useful for network voltage control.
In comparing the teleswitch placement with placement at all external NOPs, a slightly greater
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beneﬁt-cost ratio is observed when placing at teleswitch sites versus including all NOP sites.
These results provide a clear indication that diﬀerent factors have to be taken into account when
siting SOPs in comparison with NOPs.
Incremental Deployment of B2B Compenators Across All Networks vs External NOP Placement
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Figure A.16.: Comparing placement of compensators at diﬀerent categories of external NOP sites
versus optimal incremental deployment, indicating that current NOP sites are not as
suitable as those selected by the placement algorithm presented in Section 3.3.3
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A.1.6. Points of Failure
In order to gain insight into where network failures are occurring with the introduction of DG, a
study has been performed which considers the initial points of failure across all networks. In this
context, a point of failure is the bus or node in the network in which a thermal or voltage constraint
is breached due to the introduction of DG. These points represents the areas of the network that
must be reinforced to accommodate increased levels of DG capacity. This study identiﬁes the
points in the network of at which the ﬁrst overvoltage incidence or thermal limit breach (feeder or
transformer) occurs, which will be referred to as the ﬁrst points of failure. Further considered is how
and if the initial point of failure is altered with the presence of diﬀerent forms of compensation. The
term, 'failure' is used because these locations represents the areas in which distribution planning
or active compensation fail to maintain the network voltages and power ﬂows within their limits.
A similar failure proﬁle was observed for all network types, i.e., across the range of M . The
DG placement scenario was observed to be of greater signiﬁcance in changing the points of failure
in the networks. For this reason, results are summarized across all networks rather than further
sub-classifying results. It should be noted that the quantity of generation, g, causing the ﬁrst point
of failure will vary according to the compensator type being considered.
A.1.6.1. Reasons for Failure
Histograms counting ﬁrst points of failure for the two DG placement extremes (uniform and clus-
tered) across all networks are shown in Figure A.17.
For uniform DG placement, uncompensated networks tend to fail due to either voltage viola-
tions or transformer overloads. As expected, the count of transformer overloads is not reduced by
the presence of STATCOMs. It is ﬁrst observed that the value of g¯ increases with compensation
according to the results presented in Section 4.2.2. With increasing eﬀectiveness (g¯) of the com-
pensation scheme the proportion of voltage overload incidents is reduced in comparison with the
uncompensated case, which the trends observed in Figure A.17.
With clustered DG placement, the voltage violation incidents are reduced with increasing g¯, how-
ever the number of transformer overload incidents remains relatively static. A greater proportion
of thermal overload incidents is observed, which is expected as DG installation sites are localized to
smaller areas of the network. In this DG placement scenario, the feeder thermal overload incidents
also occur at lower values of g¯ in comparison with the uniform DG placement scenario.
A.1.6.2. Failure Locations
It is possible to provide a more detailed visualization of the failures occurring within the distri-
bution networks by setting the origin as the location of the primary substation and normalizing
the geographical coordinates of node positions with respect to the origin such that x ∈ [−1, 1] and
y ∈ [−1, 1] for all networks and identifying the points of failure. The locations of failure for all
networks can be summarized with a composite heat map counting the number of failures within a
each small geographical region in the xy plane. Alternatively, one can draw the network topology
and highlight overloaded feeders.
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Figure A.17.: First points of failure for clustered and uniform placement showing where ﬁrst over-
load incidents occur (overvoltage at nodes, or exceeding transformer or feeder thermal
limits)
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In the case of the heat map, node voltage failures are identiﬁed at the node location, whereas
feeder overloads are identiﬁed at the midpoint of the violated feeder.
Fixed Levels of Generation Thermal overloads are illustrated with a composite of 20 networks
in Figure A.18 at two levels of DG (10 MW and 40 MW). Shown in red are the feeders which
required upgrading to support the ﬁxed level of g. As expected based on previously presented
results, for ﬁxed levels of g the multi-terminal compensator oﬀers a signiﬁcant reduction in terms
of the quantity of feeder upgrades which has been visualized here. Another observation from this
ﬁgure that was not accounted for in the histograms of Figure A.17 is that upgrades occur frequently
at the main feeders (those directly connected to the primary substation). Since compensators are
associated with electrically isolated portions of the network, they are hence able to balance the
power ﬂows in these feeders and therefore reduce these overload incidents, however they are still
prevalent in the compensated case once g is brought high enough. As indicated in Figure A.17,
many failures occur due to overloading of the primary substation transformers; however, these
failures have not been visualized in this subsection. It is reminded that the feeder upgrades shown
in this ﬁgure have been made due to both thermal limit breaches as well as overvoltages.
In order to summarize feeder upgrade locations across the range of network datasets (N = 599),
a heat map is shown in Figure A.19 for the same ﬁxed levels of DG (10 MW and 40 MW). The
levels which determine the heat map are normalized to the highest quantity per region for both
the uncompensated and compensated cases, so that the two can be compared at each DG level,
however the maximum number of feeder upgrades per region in much higher at g = 40 MW. The
heat maps reﬂect that shown in Figure A.18 across a greater number of networks.
First Points of Failure The locations of the ﬁrst points of failure are shown in Figures A.20 and
A.21 as heat maps indicating the quantity of failures occurring in a speciﬁc region of the network. In
this study the ﬁrst ﬁve points of failure in each network are shown. A line summarizing the number
of failures with distance from the origin is also provided in each of these ﬁgures as an additional
form of visualization. The nodes at which voltage limits are exceeded (Figure A.21) are considered
separately from thermal limit breaches (Figure A.20) in order to highlight the diﬀerences between
these two causes of failure. The failure locations are shown for the three diﬀerent DG placement
scenarios. While the attempt was made to test each network to the point of failure such that both
compensated and uncompensated networks experience the same quantity of failures, some networks
reached their testing limits during this study especially so with compensation, and therefore the
total number of failures in the compensated case is less than that of the uncompensated case.
The thermal limit breach locations shown in Figure A.20 indicate that, similar to that for ﬁxed
levels of generation, thermal limit failures occur towards the centre of the network. An observation
is made however that the failure locations are spread throughout the network for the case of the
clustered DG placement scenario, whereas the uniform placement failure locations are concentrated
towards the origin to a greater degree (and at a higher g¯). It is also observed that while the
number of breaches is decreased with compensation for the reasons mentioned above, the presence
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Figure A.18.: Feeder upgrades required with increasing DG due to thermal limit breaches. Results
are shown for a selection of networks at diﬀerent DG penetrations, with and without
compensation
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Figure A.19.: Feeder upgrades required with increasing DG due to thermal limit breaches. Results
are superimposed for the entire sample set of networks at diﬀerent DG levels, both
with and without compensation. Regions of high constraint breach density indicated
by warmer colours
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of compensation does not signiﬁcantly alter the location of the thermal limit breaches. Again,
compensation does alter the level of generation at which the ﬁrst failure occurs.
The location of node voltage limit breaches is shown in Figure A.21. Here the reverse trend is
observed with regards to failure locations versus DG placement scenario: voltage violations in the
uniform placement scenario are more spread throughout the network whereas with clustered DG
placement they are concentrated to a greater degree at feeder endpoints. It is again observed that
compensation does not signiﬁcantly alter the proﬁle of failures with normalized distance from the
origin.
The results of the points-of-failure study have shown that, while the presence of SOPs sub-
stantially reduces the number of infrastructure upgrades required with increased generation (and
in turn, customer demand), it does not signiﬁcantly alter the points of failure. The diﬀerent DG
placement scenarios have a greater role in determining the ﬁrst points of failure within the network.
A.2. Energy Storage Integration
As energy storage can be easily added to the DC-link or DC-network of VSCs used to realize active
compensation devices (see Figure 3.12), the eﬀect of adding energy storage on accommodating load
and generation, improving reliability, and reducing the intermittency of demand with respect to
the supply side will now be considered.
A.2.1. Increasing Distributed Generation Penetration
The performance (∆g) of compensators can be increased with the addition of an energy storage
element in a similar manner to that shown in Figure 3.12. In order to limit the number of test cases,
only the multi-terminal compensator type has been considered with storage. Note that the output
of the storage element is split amongst all nv VSCs associated with the multi-terminal device. In
this study, diﬀerent storage output power levels (Ss) have been considered for comparison.
The results of this study are presented in Figure A.22. The greatest increment with respect to nv
is seen when moving from nv = 0 to nv = 3, i.e., increment greatest when storage added at nv = 3.
For higher values of nv, the trend with increasing Ss from 1 MW to 10 MW is seen to be more linear
than the beneﬁts seen when increasing the converter rating itself, Sv, from 1 MVA to 10 MVA. It
is possible that returns with increasing storage will diminish at higher values of Ss however these
levels of storage were not considered in this study. At lower values of nv, the interpretation of this
observation is that the increased number of VSCs can make increased use of the additional storage
to provide ﬂexibility, while for a small number of VSCs there is less additional beneﬁt to adding
more storage.
The additional beneﬁt of storage is observed to be the least signiﬁcant for the clustered DG
placement scenario, and of greater signiﬁcance for the uniform DG placement.
The increase in ∆g with allowance for feeder upgrades follows a similar trend to that of Figure
4.5, with the line shifted according to the changes in performance shown in Figure A.22. It is
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Figure A.20.: First points of thermal failure summarized for the sample set of UK distribution
networks. Results indicate weak points in the network. A 2D plot showing the
constraint breach sum versus the normalized radial distance from primary substation
is shown in the lower plot.
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Figure A.21.: First points of voltage violation summarized for the sample set of UK distribution
networks. Results indicate weak points in the network. A 2D plot showing the
constraint breach sum versus the normalized radial distance from primary substation
is shown in the lower plot.
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Figure A.22.: Marginal DG penetration allowance (∆g) with the addition of an energy storage
element (with varying storage power output capability, Ss) tested with the multi-
terminal compensator in diﬀerent conﬁgurations (nv). Results are shown for three
diﬀerent DG placement schemes
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Increase in Feasible DG vs Line Upgrade Allowance with Energy Storage (Sv=10 MVA)
(N = 581, nv = 10)
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Figure A.23.: DG penetration increase vs line upgrade allowance for multi-terminal compensator
with an energy storage element
reminded that all cases shown are for Ss = 10 MVA, thus the slope of this trend line at Ss = 1 MW
and Ss = 10 MW is similar. A signiﬁcant divergence in performance between the compensation
schemes with and without storage is not observed.
A.2.2. Increasing Customer Demand Allowances
Mean Customer Demand Allowance Increase with Energy Storage (N = 599, Uncompensated l¯ = 1.07 pu)
(All Sv = 10 MVA)
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Figure A.24.: Marginal increase in customer demand allowance for multi-terminal compensators
with energy storage included
Similar to the previous section, the resulting ∆l with energy storage is presented in Figure A.24.
Again, only the multi-terminal SOP is considered. As expected, the trends observed are similar to
that for the uniform DG placement scheme shown in Figure A.22.
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It is noted that the use of energy storage to aid with increasing customer demand is not realistic,
as variations in demand are less intermittent than that of the DG considered previously. For this
reason, the total energy contained within the storage element would be required to be much larger
than for compensating for abrupt changes in DG output. Nevertheless, the ability to cope with
large, temporary spikes in demand could be of use to network operators and therefore the results
have not been withheld.
A.2.3. Reliability
This section considers the allowance of an external source of power (storage) to supplement the SOP
output with constraints deﬁned in Section 3.3.2 with the goal of further improving reliability. The
ﬁgures which deﬁne performance in terms of reliability (yearly interruptions and voltage violations
per year, CI and CV ) have been deﬁned in Section 4.6.
The quantity of energy storage required will depend on the size of the load requiring supply and
the duration of the fault. As the fault duration is not considered in the reliability studies performed,
the quantity of energy required in the energy storage source is also omitted. Two diﬀerent storage
throughput levels (Ss) are considered for the energy storage device: Ss = 1MW and Ss = 5MW .
The results of including energy storage are presented in Figure A.25. There is little change in the
CI metric, suggesting that the scenario in which both terminals of the SOP are islanded is a rare
occurrence. The value of CV is observed to be improved slightly with increased levels of storage.
A.2.4. Summary
The use of an energy storage element in conjunction with a multi-terminal SOP is shown to provide
additional beneﬁts in terms of generation accommodation, increases in demand, and reliability.
With a large number of devices, the level of storage at which returns diminish is found to be
greater than that of a low number of devices as the larger number of VSC front ends can make
better use of the increased available energy storage.
A.3. Further Results For Mitigation of DG Intermittency
The use of an energy storage controller to mitigate DG intermittency was explored in Section A.2.
In that section, results for a small number of data sets were given as a demonstration. This section
considers additional generic network data sets. In addition, it was discussed that insolation delay
across a wide area can aﬀect the results of Section A.2, the degree to which this is true will be
explored in this section.
A.3.1. Additional Network Topologies
Figure A.26 shows the energy storage requirements with increasing PV capacity as a percentage of
the peak network loading for various network types utilizing the low-pass algorithm. The results
follow the trend described by Equation 4.12. The primary diﬀerences between networks for the
results shown are due to the diﬀerence in absolute installed PV in MW rather than the network
topology itself. The secondary eﬀects that will vary from system to system, i.e., the variation of
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Figure A.25.: Eﬀect of energy storage on reliability performance with SOPs
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Figure A.26.: Energy storage and throughput requirements for various network types with increas-
ing peak PV capacity as a percentage of the peak network load
total network losses with power ﬂows and load sensitivity to voltage ﬂuctuations, were found to be
of little signiﬁcance.
A.3.2. Insolation Delay
It was previously mentioned that, with increasing geographical area over which PV units are dis-
persed, the maximum rate of variation in the PV output is reduced [126]. This is primarily because
cloud cover has a limited geographical size which it can aﬀect.
Figure A.27 shows the resulting aggregate PV power output for varying levels of delay modeled.
The delay ﬁgure is assigned with uniform probability such that the maximum delay between any
two generation sites is less than 1 minute in the ﬁrst case, and 5 minutes in the second. Modeling
the delay results in a reduction of the uncompensated error rate, and thus relaxes energy storage
requirements. The possibility of a small to negligible delay, i.e., due to large, fast-moving cloud-
cover, should be considered when deciding on the storage requirements on a worst-case basis.
Figure A.28 shows the resulting energy storage requirements for varying levels of insolation delay
modeled. As the maximum delay increases, the energy storage requirements are lowered, suggesting
that for areas with widely dispersed PV installations have reduced energy storage requirements for
this application.
When utilizing the recharging algorithm, energy storage requirements are eliminated entirely
about a certain level of delay. This is because the uncompensated error, ∆, never surpasses the
threshold and therefore the storage is never utilized.
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Figure A.27.: Insolation data compared for varying levels of delay between generator sites modeled
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